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Abstract

Hereditary mutations in the transforming growth factor beta induced (TGFBI) gene cause
phenotypically distinct corneal dystrophies characterized by protein deposition in cornea. We
show here that the Arg555Trp mutant of the fourth fasciclin 1 (FAS1-4) domain of the protein
(TGFBIp/keratoepithelin/Big-h3), associated with granular corneal dystrophy type 1, is
significantly less susceptible to proteolysis by thermolysin and trypsin than the WT domain. High-
resolution liquid-state NMR of the WT and Arg555Trp mutant FAS1-4 domains revealed very
similar structures except for the region around position 555. The Arg555Trp substitution causes
Trp555 to be buried in an otherwise empty hydrophobic cavity of the FAS1-4 domain. The first
thermolysin cleavage in the core of the FAS1-4 domain occurs on the N-terminal side of Leu558
adjacent to the Arg555 mutation. MD simulations indicated that the C-terminal end of helix a3’
containing this cleavage site is less flexible in the mutant domain, explaining the observed
proteolytic resistance. This structural change also alters the electrostatic properties, which may
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explain increased propensity of the mutant to aggregate in vitro with 2,2,2-trifluoroethanol. Based
on our results we propose that the Arg555Trp mutation disrupts the normal degradation/turnover
of corneal TGFBIp, leading to accumulation and increased propensity to aggregate through
electrostatic interactions.

Keywords

Transforming growth factor beta induced protein (TGFBIp); corneal dystrophy; protein
aggregation; protein misfolding diseases; proteolytic degradation; NMR structure

1. Introduction

Transforming growth factor beta induced protein (TGFBIp; also called keratoepithelin or
Big-h3), is found in the extracellular matrix of several tissues in the human body, but is
especially abundant in the cornea [1-4]. TGFBIp is a 68 kDa protein consisting of an N-
terminal cysteine-rich EMILIN-1 (EMI) domain [5] and four homologous fasciclin 1 (FAS1)
domains of approximately 140 residues [6]. Mutations in the transforming growth factor
beta induced (TGFBI) gene, encoding TGFBIp, are associated with protein aggregation in
the cornea [7, 8]. To date, at least 30 mutations in TGFBI are known to cause corneal
dystrophies. A unique property of TGFBIp compared to other proteins linked to hereditary
protein misfolding diseases is that specific single-point mutations in TGFBI consistently
cause phenotypically different corneal dystrophies related to the nature of the protein
aggregates. The different phenotypes include lattice corneal dystrophy (LCD) type 1 and its
variants, which are characterized by formation of TGFBIp amyloid, different types of
granular corneal dystrophy (GCD) typified by accumulation and deposition of TGFBIp in
non-amyloid granular opacities in the cornea [9], and Thiel-Behnke corneal dystrophy
(TBCD) characterized by deposition of curly fibres in the superficial cornea [7].

The structural basis for the different types of TGFBIp depositions remains unknown.
However, recent studies of normal and mutant TGFBIp variants from human corneas
suggest that proteolytic degradation of TGFBIp plays a significant role in the pathobiology
of the TGFBI-linked cornea dystrophies. In the normal human cornea, TGFBIp is
proteolytically processed in a highly orchestrated manner and the observed fragments
strongly suggest that proteolysis of the FAS1-4 domain (residues Val505-Leu632) plays a
key role in the turnover of TGFBIp in the cornea [10]. However, in TGFBI-linked corneal
dystrophies the processing of TGFBIp is altered and different mutations are associated with
specific changes in the degradation pattern [11] and proteolytic cleavage sites [12]. In a
previous in vitro study, we showed that the FAS1-4 domain is the most proteolytic
susceptible of the four FAS1 domains in full-length WT TGFBIp and phenotypically distinct
mutations in the FAS1-4 domain alter the thermodynamic stability of the domain [13].

In the present study, we have investigated the altered proteolytic susceptibility of the
FAS1-4 domain with reference to the structural changes caused by mutation Arg555Trp in
TGFBIp. This mutation causes GCD type 1, which is one of the most common TGFBI-
linked cornea dystrophies [14-16]. We show by limited proteolysis that the most susceptible
thermolysin as well as tryptic cleavage site in the WT fourth FAS1 domain is between
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residues Arg557 and Leu558 positioned right next to the mutation site Arg555 while the
Arg555Trp mutant FAS1-4 domain is resistant to proteolysis. To explore these observations
in detail, we have determined the high-resolution structures of the isolated WT and
Arg555Trp mutant FAS1-4 domains by liquid-state NMR spectroscopy. Our data reveal
very similar overall structures of the WT and the Arg555Trp mutant domains. However,
while residue Arg555 is solvent exposed in the WT structure, Trp555 of the mutant domain
is buried in the hydrophobic cavity formed by helices a1, a3, a3, and a4 thereby stabilizing
the overall structure.

The dynamical behaviours of the WT and Arg555Trp variants of the FAS1-4 domain were
further addressed through long time-scale molecular dynamics (MD) simulations and NMR
relaxation studies. The MD simulations support the finding from the NMR structure that the
hydrophobic Trp555 side chain of the Arg555Trp mutant stabilizes the structure.
Significantly, the C-terminal end of helix a3’ containing the protease-accessible residues
Arg557 and Leu558, and the subsequent loop are more rigid in the Arg555Trp mutant
domain compared to the WT FAS1-4 domain, which explains the increased proteolytic
resistance of the mutant domain. Furthermore, calculations of the electrostatic potential of
the two NMR structures reveal differences in the electrostatic surface potential, which are
consistent with the increased propensity of the Arg555Trp mutant domain to aggregate
through electrostatic interactions in vitro.

Based on our results, we propose that the Arg555Trp mutation in TGFBIp both disrupts the
degradation/turnover and increases the aggregation propensity of TGFBIp, which
concomitantly lead to its accumulation and deposition in the GCD type 1 corneas.

2. Material and methods

See the Supplementary Experimental Procedures for additional details.

2.1. Expression and Purification

The FAS1-4 constructs were generated as previously described [13] with the WT and
Arg555Trp constructs consisting of residues 502—-634. An additional full-length WT FAS1-4
domain, residues 502-657, was also made. For all constructs, an Ala-Gly dipeptide was
included at the N-terminus to facilitate cleavage by the SUMO protease (see details in
Supplementary Experimental Procedures). 13C,15N-labeled proteins were prepared by
transferring one colony of transformed cells to a 50 mL solution of Lysogeny broth (LB)
media with antibiotic. The solution was incubated overnight at 37 °C with shaking.
Thereafter, the LB medium was stepwise diluted into 4 L M9 minimal medium

containing 13C-glucose and 1>NH,CI to obtain uniformly 13C,1°N-labeled protein. When the
optical density at 600 nm (ODgqg) reached approximately 0.7, the protein expression was
induced by adding 200 mg isopropyl p-D-1-thiogalactopyranoside (IPTG) pr. litre medium.
When ODggg had reached a stable value the cells were harvested by spinning at 6000 rpm
for 15 minutes.

The proteins were purified as previously described [13]. Following purification, the WT and
Arg555Trp mutant proteins were dialyzed against a 50 mM phosphate buffer containing 100
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mM NaCl, 50 mM arginine, and 50 mM glutamate in order to prevent protein aggregation
[17]. The protein solutions were concentrated with Centricons (Amicon, Inc., Beverly, MA,
USA) with a molecular weight cut-off of 10 kDa to yield protein concentrations of
approximately 4 mg/mL. 2,2-Dimethyl-2-silapentane-5-sulfonate (DSS) was added for
chemical shift reference, NaN3 to avoid bacterial growth, and D,O to provide field lock. The
final concentrations were 0.5 mM, 0.5%, and 10% for DSS, NaN3, and D,O, respectively.
The samples were transferred to a Wilmad 541-pp NMR tube. The sample volumes were
550 pL.

2.2. Limited Proteolysis, Polyacrylamide Gel analyses, and Edman Degradation

Proteolytic fragments were separated by sodium dodecyl-polyacrylamide gel electrophoresis
(SDS-PAGE) in 10-15% polyacrylamide gels [18]. Samples were reduced using 30 mM
dithiothreitol (DTT) and boiled in 1% SDS prior to electrophoresis. The proteolytic
susceptibilities of the domains were investigated using thermolysin proteolysis (preference
for cleavage at the N-termini of residues L, I, F, V, A, M). The FAS1-4 domain variants
were incubated for one hour with increasing amounts of thermolysin, ranging from
thermolysin:FAS1-4 domain ratio 1:1000 to 1:1 (w/w). Subsequently, proteolysis was
quenched by inhibiting thermolysin with 5 mM EDTA for 15 minutes at room temperature.
For N-terminal sequencing the proteolytic fragments of the FAS1-4 domains were separated
by SDS-PAGE as described above. For these analyses, the stacking gel was allowed to
polymerize overnight prior to electrophoresis and samples were heated for 3 min at 80 °C
only. Following electrophoresis proteins were transferred to a polyvinylidene diflouride
membrane (Immobilon-P, Millipore) in 10 mM CAPS, 10% (v/v) methanol, pH 11 as
described previously [19]. Samples were then analysed by automated Edman degradation
using an Applied Biosystems PROCISETM 494 HT sequencer with online
phenylthiohydantoin analysis by HPLC (Applied Biosystems Model 120A).

2.3. NMR Spectroscopy

All the NMR experiments for assignment and structure determination were performed on a
Bruker Avance-I1 700 MHz wide-bore NMR spectrometer (Bruker BioSpin, Rheinstetten,
Germany) using a standard 5 mm triple resonance TXI probe equipped with a z-gradient.
The experiments were performed at 300 K. Relaxation data were recorded on a Bruker
Avance-111 800 MHz NMR spectrometer equipped with a standard cryoprobe. Data
collection was done with TopSpin 1.3 (Bruker BioSpin, Rheinstetten, Germany), while the
processing was performed with NMRPipe [20, 21].

HNCA, HNCO, HN(CA)CO, HN(CO)CA, CBCANH, and CBCA(CO)NH triple-resonance
experiments were acquired to assign the backbone of the protein [22]. The side-chain
assignment was based on 3D HCCH-TOCSY and N-TOCSY-HSQC. The distance restraints
were extracted from 3D 13C- and 15N-NOESY-HSQC spectra in addition to a 2D NOESY.
The H, 13C, and 15N chemical shifts were referenced to DSS according to the IUPAC
recommendation [23].

To provide additional structural constraints for the WT FAS1-4 domain, a set of backbone
HN residual dipolar couplings (RDCs) was measured using IPAP-HSQC [24]. The protein
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was aligned using a 7% polyacrylamide stretched polyacrylamide gel as described by Chou
et al. [25]. Transverse 15N relaxation times at 800 MHz were measured to get an indication
of the dynamics of the proteins. Chemical shifts were deposited in the BioMagnetic
Resonance data Bank (BMRB, accession code 18466 and 18467).

2.4. Structure Determination

The distance restraints for the structure calculations were extracted from the NOESY spectra
by manually integrating the peaks with Sparky [21]. In addition to the distance restraints, a
set of backbone torsion angle restraints from TALOS+ [26] were included with a tolerance
of two times the uncertainty given by TALOS+. To validate the WT FAS1-4 domain
structure, an additional set of structures was calculated with 88 backbone HN RDCs. The
structure calculation was performed with ARIA 1.3 [27] using torsion angle dynamics. In
the final iteration 100 structures were calculated, and of these the 40 best structures were
refined using the water refinement protocol in ARIA [27]. The 10 lowest-energy structures
from the water refinement were analysed using procheck-NMR [28] and WHAT_CHECK
[29]. The NMR structures have been deposited in the RCSB Protein Data Bank (PDB ID
code 2LTB and 2LTC).

2.5. Molecular Dynamics

All-atom MD simulations were performed of the WT and the Arg555Trp mutant FAS1-4
domains. The lowest energy structures from the NMR ensemble of WT and Arg555Trp
mutant domains were used as the starting point for the calculations. Based on pK,
predictions by PROPKA 2.0 [30], the protonation states of the amino acid residues were
examined at neutral pH. All histidines were predicted to be neutral, while the choice of
tautomer was decided based on visual inspection, resulting in His572 being protonated at N&
and His626 at Ne. The structures were solvated by the TIP3P water model [31] and
neutralized with NaCl to an ion concentration of 0.1 M to resemble the experimental
conditions. The calculations were run in NAMD2.6 [32] utilizing the CHARMMZ22 force
field [33] with CMAP corrections [34, 35]. Initially the entire system was minimized with a
conjugated gradient method for 15,000 steps, followed by MD simulations in the NPT
ensemble at 310 K. Constant temperature was maintained by the Langevin dynamics with a
damping coefficient of 0.5 ps~2, while the pressure was kept constant at 1 atm by the
Langevin piston method [36, 37] with a piston period of 100 fs. Van der Waals interactions
were truncated at a cut-off distance of 12 A using a switching function, while electrostatic
interactions were treated in full by PME [38]. Simulations on each system were repeated
three times and were run for 100 ns each utilizing a 1 fs time step. These calculations
accordingly yielded a total 600 ns of simulation, which was used in the analysis. Pictures
and analysis in Figs. 3 and 4 were performed utilizing VMD1.8.7 [39]. Electrostatic
potential isocontours were generated by APBS [40] and the electrostatic potential pictures
were generated in PyMOL [41]
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2.6. MD Trajectory Cluster Analysis

The structural snapshots from the MD simulations were clustered utilizing the average
linkage method [42] available in the ptraj analysis package in AmberTools 11 [43]. The
clustering cut-off was set to a fixed value of 2.1 A.

2.7. Chemical Shift Analysis

To validate the structure ensemble derived by NMR and the trajectory of structures
produced by MD, the chemical shifts were back-calculated based on the MD ensemble using
the program shAIC [44] and compared to the observed shifts. The differences between these
values were converted to a pseudo energy, as described previously by Nielsen et al. [44] (see
Supplementary Material).

To analyse correlations in the changes in the chemical shift and structures, the chemical
shifts for each residue were grouped and transformed into combined root-mean-square
deviations (RMSD) for both observed and predicted chemical shifts in three different ways.
First, pops reports a residue-based weighted sum of differences between the chemical shift
for the WT and the chemical shift for the Arg555Trp mutant. An RMSD chemical shift
value, p, was derived to quantify the predicted effect caused exclusively by the Trp555
residue compared to Arg555 residue in the FAS1-4 domain structure. Another RMSD,
Psruct, Was calculated describing the predicted effect of rearrangements in the tertiary
structure caused by the mutation (see Supplementary Material for definitions).

2.8. In Vitro Aggregation

In triplicate experiments, WT and Arg555Trp mutant FAS1-4 domain variants were
incubated at 0.6 mg/mL in PBS with 0.02% sodium azide, 1xprotease inhibitor cocktail
(Complete, Roche), and 5% or 10% (v/v) 2,2,2-trifluoroethanol (TFE). Aliquots for protein
concentration determination were taken out immediately after mixing (reference
concentration). Samples were subsequently incubated for 10 days at 37 °C and centrifuged
for 15 min at 17,000 g. Aliquots were then taken out of the supernatant for protein
concentration determination using Quick Start Bradford protein Assay (Bio-Rad, Hercules,
CA).

3. Results

3.1. Proteolytic Susceptibility

To determine if the Arg555Trp mutation in the FAS1-4 domain has an effect on protease
susceptibility, which may be relevant in protein turnover, the WT and mutant domains were
probed using thermolysin as a model protease. The limited proteolysis of the WT and
Arg555Trp mutant FAS1-4 domains revealed a significant difference in their proteolytic
susceptibility (Figure 1). At the thermolysin:FAS1-4 ratios 1:10 and 1:1 a 15 kDa band
appears much more intense for the mutant protein than for the WT protein, suggesting
retarded proteolysis. N-terminal sequencing of the proteolytic fragments migrating above the
14 kDa marker show that these have the native N-terminus of the protein construct
(AGMGTV), suggesting that the initial trimming occurs at the C-terminus. Significantly,
two degradation products migrating just above and below the 6.5 kDa marker are observed
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for the WT protein (at the 1:1 ratio) but are absent from the Arg555Trp mutant protein
degradation (Figure 1A). N-terminal sequencing of these bands show that they result from a
cleavage of the 15 kDa fragment between residues Arg557 and Leu558, with the lower band
having the native N-terminus of the protein (AGMGTYV, marked with a diamond) and the
upper band having the N-terminal sequence 558-LLGDA (marked with an asterisk). The
observed proteolytic cleavage site is indicated in the FAS1-4 domain sequence in Figure 1B.
A similar significant result was obtained using trypsin for the limited proteolysis. Thus, the
tryptic cleavage site at the C-terminus of Arg557 is much more susceptible in the WT
FAS1-4 domain than in the mutant domain and about ten times more trypsin is required to
cleave between residues Arg557 and Leu558 in the Arg555Trp mutant domain compared to
the WT domain (data not shown). The structural and dynamical basis for these observations
was explored in more detail through the NMR analysis and MD simulations of the WT and
Arg555Trp mutant FAS1-4 domains.

3.2. Assignment of NMR Spectra

The NMR spectra of the truncated WT and Arg555Trp mutant FAS1-4 domains were
generally of good quality (Figure S1 in Supplementary Material). All backbone amide
resonances except five could be assigned both in the WT and the Arg555Trp mutant
domains. The missing backbone amide resonances included the two N-terminal amide
resonances, which are absent due to proton exchange. Of all the proton resonances, 88%
could be assigned for the WT domain and 87% for the Arg555Trp mutant domain. The
unassigned resonances were mostly attributed to hydrophilic solvent-exposed side chains.
Virtually all resonances of the hydrophobic side chains could be assigned. The spectra for
the WT and the Arg555Trp mutant FAS1-4 domains appear to match very well, as
illustrated by the H-1°N HSQC spectra in Figure S1A and the modest chemical shift
differences (Figure 2A) indicate very similar structures for the two FAS1-4 domain variants.
Analyses of the chemical shifts with TALOS+ reveal identical secondary structures for the
two domain species (Figure 2A). The amide resonances of the truncated WT FAS1-4
domain could also be assigned in the full-length WT domain. In the C-terminal tail, only
residues 643-657 could be assigned, the other resonances were probably broadened beyond
detection by slow exchange. Because of high background in the NOESY and TOCSY
spectra from the C-terminal tail, a structure could not be calculated for this construct.

3.3. NMR Structures

The structures of the WT FAS1-4 domain (Figure 2B, blue) were calculated using a total of
3211 peaks from 2D NOESY, 3D 13C-NOESY-HSQC, and 3D 15N-NOESY HSQC spectra.
From these peaks, 1802 distance restraints could be extracted of which 501 were long-
ranging (see statistics in Table 1). A set of structures was also calculated with an additional
set of 88 backbone HN residual dipolar couplings (RDCs) (D = 11.5, R=10.18). The
structures of the Arg555Trp mutant FAS1-4 domain (Figure 2B, red) were calculated using
a total of 3583 peaks from the same three types of NOESY spectra. From these, 1943
distance restraints could be extracted of which 568 were long-ranging (Table 1). No RDC-
based constraints were used for the Arg555Trp structure. All structures were calculated with
2x117 dihedral angle constraints from TALOS+ (see Figure S3 in the supplementary
materials).
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The three disordered N-terminal residues (Ala500-Met502) were excluded from the RMSD
calculation of both FAS1-4 domain variants. The slightly higher calculated RMSDs (Table
1) for the WT domain relative to the Arg555Trp mutant domain can mainly be attributed to
the a3’-helix (Figures 2B and 2C), since only few long-range NOEs restrain this helix in the
WT domain. In addition, the lack of NOEs can be explained by a large cavity in the centre
of a “helix triangle module” formed by helices a3, a3, and a4. Introducing the RDCs to the
structure calculations lowered the RMSD slightly, but did not improve the precision of the
a3’-helix. Additional structural statistics from PROCHECK-NMR and WHAT_CHECK can
also be found in Table 1.

The tertiary structures of the WT and the Arg555Trp mutant FAS1-4 domains are virtually
identical (Figure 2B). This interpretation is supported by the similarities in THN, 15N, 13Cc,
and 13C’ chemical shifts reported by the bar plots in Figure 2A. We note that the NMR
structure of the WT FAS1-4 domain exhibits great similarity to the crystal structure of the
fourth domain of Drosophila FAS1 reported by Clout et al. in 2003 (PDB code 1070) [45],
and it is virtually indistinguishable from the non-analysed human WT TGFBIp FAS1-4
domain structures deposited in the Protein Data Bank (NMR structure: PDB code 1X3B, and
the X-ray structure: PDB code 2V XP).

The TGFBIp FAS1-4 domain structure consists of a mixture of a-helices and -sheets, with
segregated a and f regions (so-called a+p structure) as illustrated in Figures 2B and 2C.
Starting at the N-terminus, using the same nomenclature as Clout et al. [45], the first part of
the domain consists of a triangle module of a-helices (alL, al, a2). A -strand (31) connects
these helices to a second helix triangle module composed of helices a3, a3/, and a4. The
Arg555Trp mutation in TGFBIp associated with GCD type 1 is located within the central
helix a3’ of this triangle fold. After helix a4 is a short p-strand ($2) and a short a-helix (a5)
followed by five B-strands (33—7) which are organized into two orthogonal -sheets. Strand
(36 is shared by the two B-sheets. Finally, based on the relaxation experiment described
below, we have determined the C-terminal part (residues A636-Ala657) of the full-length
WT FAS1-4 domain (Met502—-Ala657) to be unstructured (data not shown).

3.4. Mutant-Induced Rearrangement in the a3, a3’, a4 Helix Module

Closer examination of the determined domain structures (Figure 2B) reveals a small change
in the mutual arrangement of the helices a3, a3’, and a4 in the Arg555Trp mutant FAS1-4
domain relative to the WT structure. In the domain structures, this helix triangle module
forms a hydrophobic cavity together with helix al (Figures 2B and 3). In the ten lowest-
energy structures of the WT FAS1-4 domain residue Arg555, which is located in the centre
of helix a3, has its side chain pointing away from the cavity, exposed to the solvent, where
it on average forms one labile hydrogen bond to the carbonyl Phe547, Arg548, and Leu550
(Figures 2B and 3A). However, in the structure of the Arg555Trp mutant domain, the
tryptophan side chain partly fills this cavity (Figures 2B and 3B) oriented with the aromatic
face of tryptophan towards the a3 and a4 helices (Figure 3C). The placement of the Trp555
side chain in the cavity formed by al, a3, a3’, and a4 is supported by both NOEs and
distinct variations in the chemical shifts in this region (Figures 4B and 4C). We note that
there is still flexibility within the hydrophobic cavity enabling the side chain to rotate, which
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is evident from the limited number of NOEs restraining the side chain and from the MD
simulations, as will be discussed later.

The insertion of the tryptophan side chain into the hydrophobic cavity triggers a
displacement of the helix a3’ in the Arg555Trp mutant domain structure of approximately
one third of a helix turn along the helix axis towards the C-terminus, relative to the WT
domain structure (Figure 2B). This rearrangement changes the orientation of side chains
lining the cavity. The side chain of Phe547 is rotated by ~30° (Figure 4A), which affects the
chemical shifts of nearby atoms and, likewise, the leucine residues Leu550, Leu559, and
Leu565 lining the cavity are also rotated, causing rather large changes in their side chain 13C
chemical shifts.

3.5. Chemical Shift Analysis Validate a3’-Helix Movement and Trp555 Arrangement

To validate NMR structures and MD trajectories (vide infra), the chemical shifts were back-
calculated on basis of the structures. The calculated pseudo energies are close to unity
indicating a reasonable agreement between observed and predicted structures, hence,
validating the structures. For the WT FAS1-4 domain, the energy is 1.0+0.1 and 1.05 for
MD and NMR, respectively. For the Arg555Trp mutant domain, the energy is 1.05+0.03 and
1.13 for MD and NMR, respectively. Thus, the MD trajectory, although the experimental
data was only used as a starting point, provided an equally or more adequate (Arg555Trp
mutant) description of the conformations sampled by the protein and indicates that the
enhanced dynamical picture offered by the MD trajectories compared to the NMR ensemble
is important.

To provide more insight, we analysed the correlations between differences in the chemical
shifts and the calculated structures for the WT and the Arg555Trp mutant domains in terms
of the RMSD quantities pops, o and pgryct- The effect of changes in chemical shifts caused
directly by the Arg555Trp mutation and changes due to rearrangements in the tertiary
structure can be separated by analysing pyw and postruct, respectively. Firstly, Leu559 and
Phe547 have the most pronounced changes in chemical shifts caused directly by the
proximity of Trp555 in the mutant as predicted by py and indeed these residues display
significant changes in observed chemical shifts (large values of pgps) (Figure 4C). Secondly,
the chemical shift changes caused exclusively by local structural rearrangement in the
mutant structure, as predicted by postryct COmpared to the WT structure are largest for the
residues having also the largest observed chemical shift changes (ogpg) i.€. residues Phe547,
Leu559, and 11e568 (Figure 4C). However, for residues Phe547 and Leu559, this
observation indicates that introduction of Trp555 affects the chemical shifts but also leads to
local structural rearrangement near these residues. An overlay of the two structures (Figure
4A) reveals that the side chain of Phe547 has different conformations in the two structures.
While it partly fills the hydrophobic cavity in the WT structure, it moves to a different
location in the cavity of the mutant domain as Trp555 occupies a more central position in
the cavity (Figure 4A). It can be seen from the overlaid structures in Figures 2B, 3C, and
4A, that the a3’ helix moves in a way to fill up the cavity around the side chain of Trp555 in
the mutant FAS1-4 domain compared to the WT domain. In particular, Leu559 is displaced
by around 3 A into the pocket (Figure 4A).
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3.6. Local Dynamics at the Mutation Site

To explore the dynamics of the mutation site in more detail, we analysed the behaviour of
the native Arg555 in the WT FAS1-4 domain and Trp555 in the Arg555Trp mutant structure
from extended MD simulations of 100 ns and using three repeats for each system (see Movie
S1 in Supplementary Material), as multiple repeats this has been shown to improve sampling
[46, 47]. The local dynamics at the mutation site is analysed from atom-based root-mean-
square-fluctuations (RMSF) of the residue heavy atoms (Figure 5A). In the WT structure,
the Arg555 residue is solvent exposed and remains so during the entire simulation. The
arginine side chain rotates during the simulation (Figure S2 in Supplementary Material)
primarily through dynamics of the x4 angle. We also here observe labile hydrogen bonds to
the carbonyl Phe547, Arg548, and Leu550, but on average there are 2.5 bonds relative to
one for the NMR structures. In contrast, the y; dihedral angle of Trp555 in the Arg555Trp
mutant domain remains relatively stable during the trajectories, whereas the y, dihedral
angle varies the most, changing between a gauche+ conformation and the anti conformation
(Figure S2 in Supplementary Material). The observed rotation of Trp555 in the simulations
of the Arg555Trp mutant structure is in accordance with the measured 15N transverse
relaxation time (T5). The observed 1°N relaxation time in the indole ring of Trp555 is
considerably longer than the ones found for the surrounding backbone nitrogen atoms
(Figure 6C), suggesting that the side chain is significantly more dynamic than the backbone
nitrogen atoms (Figure 5A and Figure S2 in Supplementary Material).

3.7. Global Dynamics and Structural Variability

MD simulations were utilized to further explore the global (backbone) dynamics of the WT
and the Arg555Trp mutant FAS1-4 domain structures. The difference in C* RMSF between
the WT and the Arg555Trp mutant domains was determined by the differences in the
average RMSF over the three MD simulations of each of the systems (Figure 6A). In general
the WT and the Arg555Trp systems behave similarly with respect to residue fluctuations,
with the largest variation found for residues 575-595. The same pattern is observed from the
residue-wise root-mean square deviations (RMSD) as observed from the NMR experiments
(Figure 6B).

The T, experiments also provide some indications of the overall flexibility of the two
FAS1-4 domain variants (Figure 6C). In this case, we observe a general trend with longer
relaxation times for the Arg555Trp mutant domain relative to the WT structure, which
indicates a shorter rotational correlation time and more compact structure for the mutant
FAS1-4 domain. We note that the relaxation experiments do not reveal as clear residue
specific trends in the dynamics as the MD simulation-based RMSF (Figure 6A).

The generalized order parameter, S2, was also predicted for the WT and the Arg555Trp
mutant structures based on the assigned chemical shifts using the program RCI (Figure 6D)
[48]. Due to the similarities in the chemical shifts, the predicted order parameters are also
similar along most of the sequence. However, according to the calculated S2 values, helix
a3’ (residues Pro552-Leu558) in the mutant FAS1-4 domain is more flexible at the N-
terminal part (residues Pro552-Trp555) including the mutation site, Trp555, but is more

Biochim Biophys Acta. Author manuscript; available in PMC 2014 September 12.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Underhaug et al. Page 11

rigid in the C-terminal region and the loop between a3’ and a4 (residues Leu558-Lys563)
compared to the WT structure.

3.8. Mutation Arg555Trp Induces Changes in the Electrostatic Potential Surface

To obtain structural information about the aggregation propensities of the WT and the
Argb55Trp mutant FAS1-4 domains, we calculated their electrostatic potentials presented as
isocontours from the minimized lowest energy NMR structures. From the resulting plots it is
evident that the two NMR structures differ in surface characteristics. Specifically, the
translation of the a3’-helix in the more compact Arg555Trp mutant structure induces a
larger connected surface of positive charge (Figure 7) which might lead to larger propensity
for charged molecular interactions. To investigate this we compared the propensities of the
WT and the Arg555Trp mutant FAS1-4 domains to aggregate through electrostatic
interactions using organic solvent.

3.9. The Arg555Trp Mutation Increases Aggregation Propensity

Utilizing a titration with TFE we probed the aggregation propensities of the WT and mutant
FAS1-4 domain variants (Figure 8). Addition of TFE reduces the polarity of the solvent, and
thereby favours electrostatic interactions of the protein [49]. Our results show that addition
of 10% TFE significantly reduced the solubility of the WT and Arg555Trp mutant FAS1-4
domains (Figure 8). Noteworthy, in the presence of 10% TFE a significantly higher
aggregation propensity is observed for the Arg555Trp mutant domain compared to the WT
FAS1-4 domain.

4. Discussion

Mutations in the extracellular protein TGFBIp give rise to several phenotypically distinct
corneal dystrophies, which are characterized by progressive deposition of proteinaceous
material in the cornea. The Arg555Trp mutation in TGFBIp causing GCD type 1 is of
particular interest due to its high prevalence [14, 15] and aggressive phenotype, which in
homozygotes manifests as early as the age of 3 years [50]. Furthermore, the Arg555Trp
mutation is the only reported substitution in the FAS1-4 domain leading to non-amyloid
granular deposits without any concomitant formation of amyloid. Thus, the pathology
suggests that the Arg555Trp mutation in the TGFBIp FAS1-4 domain is favourable to study
to unravel the molecular pathogenesis of TGFBI-linked GCDs.

In the present study, we pursued the hypothesis that the previously observed increase in
thermodynamic stability of the TGFBIp FAS1-4 domain due to the Arg555Trp mutation
[13] may result in decreased protease accessibility of the domain. Reduced proteolytic
degradation of mutant TGFBIp in the cornea would be expected to result in protein
accumulation and subsequent aggregation as observed for GCD phenotypes [9].

Limited proteolysis showed that the region containing residue Arg555 is very susceptible to
proteolysis in the WT FAS1-4 core domain suggesting that this region plays an important
role in the degradation of TGFBIp in vivo. Furthermore, the proteolytic experiments of the
FAS1-4 domain variants showed that the degradation of the Arg555Trp mutant FAS1-4
domain is retarded compared to the WT domain. Specifically, the Arg555Trp mutation
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reduces the proteolytic susceptibility of the adjacent peptide bond between residues Arg557
and Leu558 indicating that the arginine to tryptophan substitution predominantly induces
local structural changes in the domain.

To establish a structural basis for proteolytic resistance of the Arg555Trp mutant domain,
we determined the three-dimensional solution structures of both the WT and the Arg555Trp
mutant FAS1-4 domains by liquid-state NMR spectroscopy. The two structures were very
similar in the overall fold and have the a+f structure as reported for other FAS1 domains
[45]. When comparing the WT and Arg555Trp mutant structures, we only found significant
deviations near the surface-exposed a3’ helix containing the mutated amino acid residue
555. Residue Arg555 in the WT FAS1-4 domain is situated with the guanidinium group
pointing towards the solvent. In this conformation, a cavity is found between helices a1, a3,
a3’, and a4. This cavity is lined with the amino acid residues Met, Leu, Ala, Pro, Phe, lle,
and Val making it a very hydrophobic environment. The side chain of Trp555 in the
Argb55Trp mutant FAS1-4 domain structure was conversely found to be buried in a position
equivalent to where the hydrophobic cavity was found in the WT FAS1-4 domain thereby
enhancing the hydrophobic packing. The hydrophobic indole ring of the tryptophan side
chain can thus form multiple van der Waals interactions with the surrounding amino acid
residues. The observed translation of the a3’ helix and rearrangement of the hydrophobic
residues close to the cavity is a result of maximizing the van der Waals interactions while
minimizing the repulsive forces. These observations may provide a structural explanation of
the recently reported increased thermodynamic stability of the Arg555Trp mutant FAS1-4
domain as well as intact mutant TGFBIp compared to the WT proteins [13]. However,
increased thermodynamic stability of TGFBIp caused by the Arg555Trp mutation does not
explain the accumulation and deposition of TGFBIp observed in GCD type 1 corneas.
Therefore, we explored the dynamics of the FAS1-4 domain structures to identify changes in
flexibility. The T, (and S?) relaxation measurements predicted that the C-terminal region of
helix a3’ containing the residues most susceptible for proteolysis in the core FAS1-4 domain
is more rigid in the mutant domain which likely explains the lack of proteolytic cleavage
activity in this region of the Arg555Trp mutant FAS1-4 domain.

The order parameter was predicted for the WT and the Arg555Trp mutant domains based on
the assigned chemical shifts using the program RCI (Figure 6). Not surprisingly, the two
termini and loops are the most flexible parts whereas the secondary structure elements are
rather rigid, S% ~0.9 on average, and the loops between the elements are more flexible, S2 ~
0.75 on average. In addition, it is noteworthy that the f6—strand is predicted to be quite
flexible (S2 as low as 0.76). Due to the similarities in the chemical shifts the predicted order
parameters are similar along most of the sequence. The important difference is in the part
having the largest differences in chemical shifts, namely near the mutation site in the a3’
helix and in the loop following that helix. According to RCI the helix is more flexible at the
mutation site, Trp555, and at the N-terminal site of the helix but more rigid at the C-terminal
part and in the loop subsequent to helix a3’. This increased flexibility could indicate that
Trp555 is sampling more conformations as also suggested by MD based on side chain
flexibility (Figure 5, Figure S2, and supplementary Movie S1) and distribution of
conformational clusters as mentioned below.
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To validate the structure ensemble derived by NMR in the absence of NMR experimental
constraints, the chemical shifts were calculated based on these structures using the program,
shAIC, and compared to the observed. A similar comparison was made for the MD structure
ensemble. The pseudo energy calculated from the chemical shift differences showed that the
MD trajectory, even though the experimental data was not used explicitly during production,
provided a more adequate description of the conformations sampled by the protein and
indicates that the enhanced dynamical picture offered by the trajectory compared to the
derived NMR ensemble is important.

The relaxation data and the predicted order parameters indicate a more flexible a3’ helix for
the Arg555Trp mutant domain than for the WT. Based on average linkage cluster analysis of
the WT and the Arg555Trp mutant domains from the MD simulations, it is also evident that
the Arg555Trp mutant domain sample more low occupied conformations during MD
simulation. The clustering based on a 2.1 A RMSD cut-off within the cluster resulted in 8
clusters from the WT MD simulations and 10 clusters from the Arg555Trp mutant domain
MD simulations. The cluster population with the WT structure simulations were 69.9, 21.7,
3.5,2.1,2.1,0.6, 0.2, 0.1 %, respectively, thereby revealing that 90 % of the population
along the trajectory can be explained by only two clusters. On the contrary the population
distribution within the 10 Arg555Trp clusters were; 31.9, 27.0, 16.6 14.8, 3.5, 3.5, 2.6, 0.3,
0.1, 0.1 %, respectively. This population distribution clearly illustrate that the Arg555Trp
mutant domain occupies more low probability states during simulation and in general is
more flexible.

There are fewer NOEs between the side chain of Trp555 and the surrounding amino acids
than expected. This indicates that the Trp555 side chain is able to rotate relatively freely
within the hydrophobic pocket (see Movie S1), consistent with the long transverse relaxation
of the indole 1°N and with the MD simulations of the WT and the Arg555Trp mutant
structures. The tight packing of Trp555 into the hydrophobic core in the Arg555Trp may
explain the observed differences in thermodynamic stability simply based on the increased
hydrophobic stabilization of the Arg555Trp mutant protein structure.

In addition to the proteolytic susceptibility change, we noted that the Arg555Trp amino acid
substitution resulted in altered surface electrostatics. Thus, in the mutant domain the a3’
helix slides half a turn compared to the WT structure and in this altered conformation, the
charged residues Arg553 and Arg557 are oriented differently, leading to a different surface
charge distribution with a higher concentration of positive charge in the regions around the
a3’ helix. To investigate if the substitution of arginine with tryptophan at position 555 has
an effect on the aggregation propensity of the FAS1-4 domain, we decreased the polarity of
the solvent by adding TFE, leading to significantly greater aggregation of the Arg555Trp
mutant. Lowering solvent polarity will increase the strength of electrostatic interactions,
indicating that the mutation significantly increases the propensity of the FAS1-4 domain to
aggregate through electrostatic interactions. Our data suggest that both proteolytic resistance
and altered local electrostatic properties contribute to the pathogenesis of the Arg555Trp
mutant TGFBIp in GCD type 1. Thus, based on the present data, we propose that in vivo the
Argb55Trp mutation gives rise to decreased proteolytic turnover and thereby accumulation
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of mutant TGFBIp which in combination with its increased propensity to aggregate will
ultimately result in the corneal deposition of TGFBIp as observed in GCD type 1.

Combining the present data with previous studies may provide important indications of the
biological significance in corneal dystrophy; Karring et al. [10] showed that the C-terminal
part of TGFBIp (including the FAS1-4 domain) is the last to be turned over in the normal
human cornea. Whether this is due to a very specific turnover of TGFBIp, or that the C-
terminal region is relatively more resistant to proteolysis in vivo compared to the other
TGFBIp domains remains to be elucidated. However, based on the present structural
information, it could be hypothesized that stabilizing mutations in the FAS1-4 domain might
render this region even less degradable. Thus, increased accumulation of C-terminal mutant
TGFBIp isoforms might be the direct cause of the TGFBIp aggregation in GCD corneas.

Since there, to the best of the our knowledge, exists no evidence that mutant TGFBIp is
denatured in GCD type 1 deposits, one might imagine a scenario where an increased protein
stability and reduced proteolytic degradation, in combination with altered surface
electrostatics, could result in TGFBIp accumulation and crystallization in accordance to the
observations made by Klintworth et al. [9] where full-length TGFBIp was observed to be
accumulated as crystalloid deposits in the corneal stroma of a patient with GCD.

5. Conclusion

In conclusion, this study has shown that the peptide bond between residues Arg557 and
Leu558 adjacent to mutation site 555 is less susceptible to proteolysis in the Arg555Trp
mutant FAS1-4 domain compared to the WT domain variant. Furthermore, NMR
experiments and MD simulations suggest that the previously reported increase in
thermodynamic stability of the Arg555Trp mutant of TGFBIp may be a result of stabilizing
van der Waals interactions of Trp555 in the FAS1-4 domain obtained through a more
favourable hydrophobic packing. We suggest that the disrupted proteolytic degradation of
the Arg555Trp mutant domain is caused by a more rigid structure of the C-terminal part of
the helix a3’ in the Arg555Trp mutant domain which is supported by MD simulation. The
increased propensity of TGFBIp to aggregate in GCD type 1 cornea may in addition be
caused by differences in surface characteristics of the FAS1-4 domain variants as analysed
here by calculated electrostatic potential surfaces and TFE-induced aggregation
experiments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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The abbreviations used are

TGFBIp transforming growth factor beta induced protein

TGFBI transforming growth factor beta induced gene

EMI EMILIN-1 domain

LCD lattice corneal dystrophy

GCD granular corneal dystrophy

TBCD Thiel-Behnke corneal dystrophy

WT wild-type

FAS1 fasciclin 1 domain

FAS1-4 fourth FAS1 domain of TGFBIp

NMR nuclear magnetic resonance

MD molecular dynamics

SUMO small ubiquitin-like modifier

LB Lysogeny broth

oD optical density

IPTG isopropyl p-D-1-thiogalactopyranoside

DSS 2,2-Dimethyl-2-silapentane-5-sulfonate

RDC residual dipolar couplings

PDB Protein Data Bank

RMSD root-mean-square deviation

RMSF root-mean-square fluctuation
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FIGURE 1. Limited proteolysis of the WT and Arg555Trp mutant FAS1-4 domains
(A) SDS-PAGE analyses of the degradation products of the WT and the Arg555Trp mutant

FAS1-4 domains following limited proteolysis using increasing ratios of thermolysin
(Th):FAS1-4 domain ranging from 1:1000 to 1:1 (w/w). After separation of the degradation
products by SDS-PAGE the fragments were characterized by N-terminal sequencing to
identify the cleavage sites. Protein bands unique to the WT FAS1-4 domain digestion are
marked by an asterisk and a diamond. (B) Sequence of the human WT FAS1-4 domain
(Met502—-Ala657) used in the study. The extra N-terminal AG residues present in the
heterologous domains are shown within brackets. Residue Arg555 substituted in the
Arg555Trp mutant FAS1-4 domain is indicated (bold). The P1’ amino acid residues for the
potential cleavage sites for thermolysin (L, I, F, V, A, M) are highlighted in red letters and
the N-terminus of the band marked with an asterisk in (A) is indicated with an arrowhead.
Overall, it can be observed that the degradation of the Arg555Trp mutant FAS1-4 domain is
retarded compared to the WT domain (compare bands at the 1:10 and 1:1 ratios for the two
domain variants) suggesting less accessibility of the protease to the mutant domain. Edman
degradation of all the protein bands in the gel revealed that all except the band marked with
an asterisk in (A) had the N-terminus AGMGTYV, which corresponds to the native N-
terminal of the heterologous domain. The band marked with an asterisk has the N-terminus
LLGDA. This corresponds to a proteolytic cleavage between residues Arg557 and Leu558
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as highlighted in (B). The C-terminal RGD-sequence (Arg642—Asp644) is shown in bold
face.
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FIGURE 2. Structures of the WT and Arg555Trp mutant FAS1-4 domains
(A) HN, backbone 1°N, 13C¢, and backbone 13C’ chemical shift variations (defined as

8Args55Trp — OwT). The mutation site, residue 555 is highlighted with a grey line. The
numbered secondary structures (a-helices and p-strands) are shown at the top of the chart for
reference according to the consensus of the FAS1-4 domain NMR structures determined in
this study. The structural elements in the WT FAS1-4 domain structure include helix aL
(Val505-Lys510), helix al (Phe515-Ala525), helix a2 (Thr528-Leu531), strand 1
(Thr538-Pro542), helix a3 (Asn544-Ala549), helix a3’ (Pro552-Leu558), helix a4
(Ala562-His572), strand B2 (11e573-Gly574), helix a5 (Ser580-Gly582), strand 3
(Leu586-Lys590), strand p4 (Lys596—Lys602), strand 5 (Val605-Val608), strand 6
(Glu611-Met619), and strand p7 (Val624—11e628). Only minor differences in the residues
constituting the secondary structural elements were observed between the WT and the
Argb55Trp mutant FAS1-4 domains. The bottom two panels shows the secondary structures
(SS) predicted by TALOS+ for the WT and Arg555Trp. —1 indicate a-helix, while +1
indicate -sheet. (B) The 10 best NMR structures of the WT FAS1-4 domain (blue) and the
Argb55Trp mutant FAS1-4 domain (red) overlaid. Except for small differences in some
loops, which may be ascribed to lack of data, the only significant difference is the
orientation and position of the a3’-helix. The side-chains of Arg555 and Trp555 are drawn
with sticks. (C) Protein topology diagram of the TGFBIp FAS1-4 domain showing the
secondary structures using the nomenclature by Clout et al. [45].
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FIGURE 3. Structures of helices al, a3, a3, and a4 forming the hydrophobic cavity in the WT
and Arg555Trp mutant FAS1-4 domains

(A) The WT FAS1-4 domain is shown in grey cartoons. Arg555 is shown in cyan spheres
and is pointing away from the hydrophobic cavity consisting of residues Met517, Leu518,
Ala521, Phe547, Leu550, Leu558, Leu559, and Leu565 (cyan transparent surface and
sticks). (B) The Arg555Trp mutant FAS1-4 domain is shown in grey cartoons. Residue
Trp555 is shown in green spheres and is located within the hydrophobic cavity consisting of
Met517, Leu518, Ala521, Phe547, Leu550, Leu558, Leu559, and Leu565 (green transparent
surface and sticks). (C) Overlay of the WT and the Arg555Trp mutant FAS1-4 domain
structures. The WT domain is shown in grey and Arg555 is indicated by cyan spheres. The
Arg555Trp mutant domain is illustrated in green with the Trp555 residue shown in green
spheres. The structures are overall very similar, however, Arg555 of the WT is pointing
towards the solvent while the Trp555 residue in the Arg555Trp mutant domain is packed
towards the protein.
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FIGURE 4. Local structural changes in the Arg555Trp mutant FAS1-4 domain caused by
insertion of the tryptophan side chain into the hydrophobic cavity

(A) The differences in side chain rotation within the cavity lined by helices al, a3, a3/, and
ad. The WT FAS1-4 domain is shown in light grey, while the Arg555Trp mutant domain is
shown in dark grey. The cavity consists of the hydrophobic residues: Met517, Leu518,
Ala521, Phe547, Leu550, Leu558, Leu559, and Leu565, which are here shown in cyan in
the WT structure and in green in the Arg555Trp mutant structure. Arg555 (cyan) in the WT
FAS1-4 domain and Trp555 (green) of the Arg555Trp mutant domain are shown in fat
sticks. (B) Cartoon representation of the Arg555Trp mutant FAS1-4 domain structure
showing the heavy atoms of Trp555 with green sticks, the remainder of the protein structure
is coloured from blue through white to green indicating observed IHN chemical changes.
Residues Ala500, Gly501, Ala521, and 11e522 and all proline residues are coloured white to
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indicate missing chemical shift data and the two C-terminal residues are coloured white to
avoid focus on chemical shift changes due to the C-terminal Pro634Ala mutation. (C)
Observed and predicted (using shAIC [44]) chemical shift change indexes for the FAS1-4
domain showing ogps, Aws and 0.1* pgruct (See definitions in the Experimental Procedures
section) in red, black, and green, respectively, as a function of the residue number. Due to
proline residues, some values are missing. The mutation site, residue 555 is highlighted with
a grey line. The secondary structures are shown at the top of the chart for reference.
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FIGURE 5. Local dynamics of residue at position 555 in the WT and Arg555Trp mutant FAS1-4

domains

(A) MD atom-wise root-mean-square-fluctuation (RMSF) of Arg555 in the WT system and
Trp555 in the Arg555Trp mutant system illustrates that the Trp555 residue of the mutant
system rotates during the simulation. From the RMSF heavy atoms of Arg555 of the WT
system, it is evident that the two NH nitrogens of the guanidinium group fluctuate the most.
For the Trp555 residue of the Arg555Trp mutant FAS1-4 domain the fluctuations are much
more extensive. Especially the atoms lining one part of the aromatic ring, namely Ce3, C(3,
C(2, and Cnz2 fluctuate substantially. This indicates rotation of the aromatic tryptophan ring
within the hydrophobic cavity in the Arg555Trp mutant system during the simulation.
Rotation of the aromatic ring of tryptophan allows the indole NH to interact favourable with
the solvent while the hydrophobic part of the side chain is closely packed within the
hydrophobic cavity formed by helices al, a3, a3/, and a4. (B) All NOEs between Trp555-
Hel and methyl groups should be easily identified. However, rotation of the tryptophan side
chain will change the interaction pattern of residue Trp555 during simulation and may
explain why only two of the four possible NOE (within 4.5 A) between methyl groups and
the Trp555-He1 could be identified. This observation is ascribed to local dynamics.
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FIGURE 6. Global flexibility of the WT and Arg555Trp mutant FAS1-4 domains
(A) Average C® RMSF from the three MD simulations of the WT and the Arg555Trp

mutant domains are shown by points in blue and red, respectively. The differences (WT
minus Arg555Trp) between the averages are shown in green histograms with the standard
deviation indicated by grey error bars. (B) The RMSD’s derived from the NMR structures;
differences (WT minus Arg555Trp) are shown in green bars. The WT domain (blue) is less
structured as compared to the Arg555Trp mutant domain (red), specifically this applies to
the a3’ helix. The exception is for the residues 600-610, where the RMSD is higher for the
Arg555Trp mutant domain. (C) The transverse relaxation (T,) difference in green
histograms (WT minus Arg555Trp) of the two FAS1-4 domain variants indicates a more
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compact structure for the Arg555Trp mutant domain (red) compared to the WT domain
(blue). In addition, around the mutation site the WT structure have residues with short T»,
indicative of chemical exchange. (D) Predicted S2 order parameters obtained by the RCI
method. The WT and the Arg555Trp mutant domains are shown as blue and red curves,
respectively. The N-terminal part (residues Pro552-Trp555) of helix a3’ is more flexible in
the Arg555Trp mutant while the C-terminal region of the helix and the loop between helices
a3’ and a4 (residues Leu558-Lys563) are more rigid in the Arg555Trp mutant FAS1-4
domain compared to the WT domain. The mutation site, residue 555 is highlighted with a
grey line. The secondary structures are shown at the top of the chart for reference.
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FIGURE 7. Electrostatic potential isocontours for the WT and Arg555Trp mutant FAS1-4
domains
The lowest energy NMR structure minimized in a water box and ionized with NaCl was

used as input for the APBS calculations of the electrostatic potential isocontours. (A)
Overlaid ribbon plots for the WT structure (grey) and the Arg555Trp mutant structure
(green), (B) electrostatic potential isocontours for the WT FAS1-4 domain, and (C)
electrostatic potential isocontours for the Arg555Trp mutant FAS1-4 domain shown in three
different molecular orientations: top (left), bottom (middle), and side (right) views. Red and
blue colours in (B, C) represent electrostatic potentials of +1 and —1 kT/e, respectively.
From the top view it is clear that translation of the a3’-helix in the more compact Arg555Trp
mutant structure (left, panel C) induces a larger connected positively charged surface in the
mutant FAS1-4 domain compared to the WT structure (left, panel B).
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FIGURE 8. Aggregation of the WT and Arg555Trp mutant FAS1-4 domains
In triplicate experiments the WT and Arg555Trp mutant FAS1-4 domains were incubated

for 10 days at 37 °C in 1xPBS containing sodium azide, protease inhibitors, and TFE as
indicated. Protein concentrations of the supernatants before and after incubation were
measured. The diagram shows the relative amounts of soluble protein. In the presence of
10% TFE significantly more (p<0.05) of the Arg555Trp mutant had precipitated compared
to the WT domain (marked with an asterisk). Error bars represent the standard error of mean
(SEM).
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TABLE 1

NMR restraints and refinement statistics for structures of the WT and Arg555Trp mutant FAS1-4 domains.
The values for the structure calculation with RDC’s are indicated in parenthesis.

WT Arg555Trp

Distance restraints

Total 1802 1943

Intraresidue 764 787

Sequential 376 403

Medium range 161 185

Long range 501 568

Restraints per residue 13 14

Long-range restraints per residue 3.7 42
Dihedral angle constraints

oW 2x117 2x117
Average restraint violations per structure

Distance restraints (> 0.3 A) 2(4) 9

Maximum violation (A) 1.0 (1.5) 1.6

Dihedral restraints (> 5°) 0(0.2) 0.5

Maximum violation (°) - (12.4) 7.6

RDC restraints (> 1 Hz) (3.8)

Maximum violation (Hz) (2.9)

Average pairwise RMSD (A)2
Residues 503-634
Backbone atoms (N, C, C’) 0.8 (0.7) 0.7

All heavy atoms 1.5(1.5) 14
All residues
Backbone atoms (N, C, C’) 1.2(1.2) 1.0
All heavy atoms 1.7 (1.6) 16
RMS-deviations from idealized covalent geometry
Bond lengths (A) 0.005 0.006
Bond angles (°) 0.709 0.760

Ramachandran analysis
Most favoured region (%) 90.1(89.7) 86.4
Additionally allowed region (%) 8.3 (9.3) 12.7
Generously allowed region (%) 1.3(0.7) 0.7
Disallowed region (%) 0.3(0.3) 0.3

a . .
Pairwise RMSD was calculated among 10 structures.

Biochim Biophys Acta. Author manuscript; available in PMC 2014 September 12.



