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Here, we use continuous wave electron paramagnetic resonance (EPR) spectroscopy and molecular
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and its distribution of conformations in solution. The results show that the crystal structure of the
metal-free PsaA is a good representation of the dominant conformation in solution, but the protein also
samples structurally distinct conformations that are not captured by the crystal structure. Further,
these results suggest that the metal binding site is larger and more solvent exposed than indicated by
the metal-free crystal structure. Collectively, this study provides atomic-resolution insight into the
conformational dynamics of PsaA prior to metal binding and lays the groundwork for future EPR and
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Cover Note/Response to Reviewers

Tuesday 25th August 2015
Prof. Roland Winter,
Editor, Biophysical Chemistry

Revision of Manuscript
Ms. Ref. No.: BIOPHYSCHEM-D-15-00177

Dear Prof. Winter,
thank you for considering our manuscript for publication in Biophysical Chemistry. We
were very gratified to read the reviewers’ positive comments and suggestions for further
improvement. We have gone through the manuscript and altered it as appropriate,
clarifying some areas in response to the three Reviewers’ comments. Our response to the
reviewers is given below.

Best wishes,

Evelyne Deplazes, Stephanie L. Begg, Jessica H. van Wonderen, Rebecca Campbell,
Bostjan Kobe, James C. Paton, Fraser MacMillan, Christopher A. McDevitt and Megan L.
O’Mara

Ms. Ref. No.: BIOPHYSCHEM-D-15-00177
Reviewer #1:
The author present the results of a set of molecular dynamics simulations and
EPR experiments on metal-free PsaA from S. Pneumoniae. The results report
the conformational flexibility of the protein in solution which is larger than
expected from the crystallographic structure alone. The manuscript is well written
and results could be interesting for the readers of Biophysical Chemistry,
however the analysis and discussion should be extended.
Major points:
1) It is not fully clear in which cluster the structures from the WT simulations end
up. Also it is not clear if the observed clusters are visited by only one or few
mutants or if all the mutants contribute to their population. Clusters appearing
only for some mutants may not be linked to an intrinsic flexibility of the protein but
only to the mutation. The authors should discuss this point.
Response: We thank the reviewer for their comment and to clarify this issue, the relevant
section in the Results now explicitly states which clusters contain structures from the WT
simulations, and the percentage distribution of WT conformations in each cluster. Page
23 now states:
“It is important to note that, structures from both wild-type and all five Cys-PsaA
variants are found in the dominant cluster (cluster 1) and that structures from WT
simulations are also found in most of the other clusters (see also Supplementary Figure
S1).”
We have also added a Figure to the supplementary material that shows the assignment of
structures to the full set of clusters.

2) The manuscript lacks an analysis of the concerted motions of the atoms (as it
could be achieved using principal component analysis) and a discussion of these
motions in relation to the protein 's function. The cluster analysis is often not
sufficient to capture these aspects.
Response: We have included a comparison of the backbone RMSDs for the four most
dominant conformations found in solution to crystal structure, which we believe should
satisfy this concern.
However, we would note that the central question that the manuscript addresses is how
the localized motion of the atoms in MD simulations compare to the local values obtained
from EPR spectroscopy. As electron paramagnetic spectroscopy does not provide global
information about the concerted motion of the protein, this was not our focus for this
manuscript. The question raised by the reviewer has in fact been examined in the context
of our prior studies where we provided a description of these global motions and their

implication for the physiological function of PsaA in our two recent publications
Counago et. al, 2014, Nature Chemical Biology, 10:35-43 and Begg, et. al, 2015, Nature
Communications, 6418:1-11.
3) The authors should discuss more deeply the possible links between the
flexibility of metal-free PsaA highlighted in the manuscript and protein function
(i.e. virulence of S. Pneumoniae with mutant PsaA).
Response: We appreciate the reviewer’s suggestion and note that, in the introduction of
our paper, PsaA has previously been established to be essential for virulence of S
pneumoniae. Further, the role of PsaA in metal ion acquisition has been studied at length
in virulence and phenotypic studies over the past twenty years. PsaA is present at the cell
surface beneath the cell wall and capsule of S. pneumoniae. As such its role as an adhesin
is widely accepted in the field to be an artifact of early in vitro studies. By contrast, its
role in Mn2+ acquisition has been demonstrated in numerous in vivo and ex vivo models
of infection and immune cell interaction. Thus, the conclusion from the majority of these
studies is that the role of PsaA is in metal-recruitment and not in direct host cell
interaction. Further, loss or impairment of PsaA function has already been established to
attenuate S. pneumoniae virulence in in vitro and in vivo studies.
In this work, we have provided an analysis of the metal free conformation of PsaA, which
has been lacking. However, it would be premature to provide a conclusive statement
linking the flexibility of metal free PsaA to pneumococcal virulence as this has not been
directly tested in this work. The experiments to directly test this would be significantly
beyond the scope of this work, require the generation of mutant strains and ethical
clearance for the in vivo experimentation. However, in the absence of this data, and
consistent with prior experiment studies conducted by our group, and others, we have
confidence in our inferences that PsaA flexibility plays a critical role in the uptake of
Mn2+. We have modified the Discussion (Page 26) to state:
“Thus, we hypothesise that the increased flexibility and variability in orientation of this
region of PsaA could act as a mechanism by which to abrogate potential non-productive
interaction with PsaC in the absence of the metal-loaded form of the SBP.”
4) The graphical abstract does not succeed in transmitting the content of the
manuscript. The authors should try and improve it.
Response: We thank the reviewer for their suggestion and have modified the graphical
abstract to better represent the content of the manuscript.
Reviewer #2:
In the manuscript "Characterizing the conformational dynamics of metalfree PsaA
using molecular dynamics simulations and electron paramagnetic resonance
spectroscopy" a more or less sophisticated attempt is taken to derive structural
and dynamical information on the metal capturing process by PsaA. The results
could be important for medical research. As the authors state, this is a first step

into that direction, and comparable information has been lacking up to now. They
build on former indications by different experiments and use electron
paramagnetic resonance spectroscopy as a experimental device and molcular
dynamics simulations, based on crystal strutures, for theoretical comparison and
extension. To combine the both, they have to introduce modifications of the PsaA
molecule to perform the paramagnetic resonance spectroscopy experiments.
The choice of modifications is justified by the comparison of molecular dynamics
trajectories. The results of the experiments and the computations are compared
and combined to get a unified picture of the underlying structures and processes.
The methods are properly described and the results are carefully discussed and
an interpretation of the details of the Mn capturing process is given.
As Biophysical Chemistry aims at attracting a broad readership, they should not
be bored by details which are only interesting to the specialist, which papers on
molecular dynamics are always in danger of. But on the other hand, as this
manuscript offers new approaches of combining molecular dynamics simulations
with physical experimental methods, it can be worth to be published in this
journal.
Response: We thank the Reviewer for their favorable comments and suggestion to
enhance the presentation of this study. In this case we believe the inclusion of the
technical details are essential for this study, to ensure that the methodology used could be
reproduced by others in the field.
Reviewer #2:
The overall appearence of the manuscript has then to be adapted to Biophysical
Chemistry style. Typographic errors (missing words?) have to be corrected.
The authors might wish to update the references (e.g. "26 Kandt, C. et al. in 21st
International Symposium on High Performance Computing Systems and
Applications." = "Domain coupling in the ABC transporter system BtuCD/BtuF:
molecular dynamics simulation, normal mode analysis and protein-protein
docking; Christian Kandt, Eliud O. Oloo, D. Peter Tieleman; CONFERENCE
PAPER · JANUARY 2007 . DOI: 10.1109/HPCS.2007.15"?)
Response: We have now updated this reference. We have also revised the manuscript to
ensure it conforms to the Biophysical Chemistry style and have corrected all typographic
errors identified.

Reviewer #3:
Dynamics of metal-free PsaA in solution is studied using both experimental and
computer simulation approaches. The motivation of the study is well and
convincingly described. The manuscript is written clearly and properly illustrated.
Nevertheless, certain pieces of important information are missing in the
manuscript.

1. Description of the EPR spectra analysis is missing in Methods. How the
correlation times were obtained?
Response: We apologise for this oversight. We have updated the Methods on Page 10 to
include the following description of the EPR spectra analysis of the correlation times:
“Simulations of the cw-EPR spectra were performed using the program Easyspin24.
Random rotational motion of the spin probe was assumed, and the corresponding
correlation time, τc, was an adjustable parameter. All five spectra were simulated using
parameters typical for a nitroxide spin probe with gz ~ 2 and Azz =34-38 Gauss. The
spectra of the L56C, S58C, I125C and S266C PsaA variants were simulated using a
single component, whereas the spectrum of the I236C PsaA variant required simulation
with two components. For the two-component simulation, the τc of both components is
given.”

2. AA sequence of PsaA is missing in the manuscript. Is there any CYS in the
sequence of wild-type PsaA?
Response: The Methods text has been revised to note that the sequence of wild-type
PsaA from S. pneumoniae D39 (SPD_1463) was cloned from residues corresponding to
the mature soluble portion of the protein (residues 32 to 309). This portion of the protein
used in both the EPR experiments and MD simulations does not contain any endogenous
cysteine residues. Supplementary Table 1 includes the relevant sequence information.
3. It would be interesting to know what RMSD between the crystal structure and
the computer model of metal-free PsaA is.
Response: This has now been stated more explicitly on Page 17 of the Results:
“The backbone RMSD between the central conformation of cluster 1 and that of the
solvated PsaA crystal structure used to initiate the simulations is 0.17 nm.”
We have elaborated on this point on Page 17 – 18 of the Results:
“It should be noted that the distribution of the backbone RMSD of PsaA conformations
identified lay within a 0.3 nm cut-off and are consistent with the RMSDs previously
reported by Couñago et al. 23.”
4. The authors of the manuscript do not say what the net charge on the protein
molecule is, and how many Na and Cl ions were added to the hydrating water.
They only mention the "…system was neutralized with Na+ and Cl- ions at a
concentration of 200 mM" suggesting that the number of Na+ and Cl- ions is the
same.

Response: We have now modified the text on Page 11 of the manuscript to read:
“As the primary sequence of wild-type PsaA has a net charge of -10 e, 10 Na+ counterions were added to to ensure the overall charge neutrality of the system. Further ions
were added to adjust the concentration of the solution to 200 mM NaCl.”
The text on Page 12 of the manuscript has also been modified to describe the system setup for the MTSL labeled PsaA isoforms:
“Each of the five PsaA variants was solvated in a box of SPC water and Na+ counterions were added to ensure the overall charge neutrality of the system. Further ions were
added to adjust the concentration of the solution to 200 mM NaCl.”
5. The chosen computer modelling approximations are not convincingly
motivated. Between 20 and 10 years ago, several papers discussing proper
treatment of long-range electrostatic interactions were published. They showed,
that particularly in the case of explicitly charged molecules (ions, proteins), the
PME method should be used. Using cut-off causes significant slowing-down of
internal and centre-of mass motion. The authors should include appropriate
citations to convince the reader that their MD simulation approximations are
sound and they do not generate artifacts.
Response: We thank the reviewer for their comment. While we acknowledge that many
other forcefields have been parameterized and optimized for use with PME instead of a
reaction field, it should be noted that the GROMOS 54A7 forcefield (Schmid et al., 2011
Eur Biophys J 40:843-856; citations: 208) and its predecessor, GROMOS 53a6
(Oostenbrink et al., J Comput Chem 2004 25:1656-76; citations: 1469), have been
specifically parameterized for use with reaction fields and the cut-offs implemented here
to avoid the artifacts the Reviewer expressed concerns about. These forcefields are in
widespread use across the molecular dynamics community and have been extensively
tested against NMR data (Wang et al., 2012, Helvetica Chimica Acta 95:2562–77) and a
range of well-validated protein systems (Schmid et al., 2011 Eur Biophys J 40:843-856).
To ensure that all readers have clarity regarding this matter, we have included a comment
on this on Page 11 in the Methods section of the manuscript:
“Note that the GROMOS 54A7 forcefield has been specifically parameterised for use
with a reaction field and the given cut-off values 28.”
6. The authors performed mainly qualitative analyses of both EPR and MD
simulation results, whereas quantitative analyses are both possible and more
valuable. This undermines the potential impact of the research.
In conclusion, the comments listed above need clarification, and the manuscript
has to be improved to be suitable for publication in Biophysical Chemistry.
Response: We thank the reviewer for their interest in the work, but would like to
highlight that we have performed rigorous quantitative analysis on the MD simulations,

giving details of RSMFs, cluster analysis and rotational motion of the EPR probe in MD
simulations. We have further extended this analysis to include a more explicit inclusion
of the RMSDs, cluster distribution and transitions, and a more rigorous analysis of the
EPR correlation times. As such out interpretations are robust and quantitative.
As previously stated, analysis of the RMSDs is on Page 17 of the Results. The cluster
analysis has been extended on Page 18 to incorporate a more detailed breakdown of the
distribution of wild type conformations within each cluster:
“From Figure 2, it is evident for each cluster that the C-terminal lobe of PsaA exhibits
the highest conformational fluctuations. Further analysis of the concatenated trajectories
showed that the splaying of the C-terminal lobe is reversible, and that there is interconversion between the conformations of the structures found in the four dominant
clusters, as can be seen in from the plot of cluster number versus time in Figure 2, a more
detailed version of which is provided as Supplementary Information (Supplementary
Figure S2). Cluster analysis of the wild type simulation trajectories showed that clusters
1 and 3 contained 55% and 17.5% of the wild type PsaA conformations, respectively. The
remainder of the wild type conformations were distributed across the other 13
conformational clusters characterised using a 0.25 nm cutoff.”
Likewise, a more detailed analysis of the EPR correlation times are given on Page 20 -21
of the methods:
“Typical reorientational correlation times (τc) are <1 ns for highly mobile, > 4 ns for
slow tumbling and approaching 1 μs for immobilised nitroxide spin-labels…. The I125C
variant showed only some broadening with a τc of 2.7 ns (Figure 4d) indicative of
intermediate mobility. Collectively, the results from the cw EPR spectroscopy
experiments showed an order of relative mobility, from least to greatest, of: S58C <
L56C < I236C (87% of spin-label) < I125C < S266C ≈ I236C (13 % of spin-label)
(Figures 4 a-e).”
Both sets of data were compared in as quantitative manner as possible. It is important to
note that each MD simulation represents a time-averaged motion of a single protein,
while each EPR experiment captures the ensemble average of the protein conformation
taken at a single time pulse. Thus, the datasets from MD and EPR were not collected
under identical conditions. For this reason, they are used to demonstrate broad agreement
of the data.
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ABSTRACT

Prokaryotic metal-ion receptor proteins, or solute-binding proteins, facilitate the acquisition of
metal ions from the extracellular environment. Pneumococcal surface antigen A (PsaA) is the
primary Mn2+-recruiting protein of the human pathogen Streptococcus pneumoniae and is essential
for its in vivo colonization and virulence. The recently reported high-resolution structures of metalfree and metal-bound PsaA have provided the first insights into the mechanism of PsaA-facilitated
metal binding. However, the conformational dynamics of metal-free PsaA in solution remain
unknown. Here, we use continuous wave electron paramagnetic resonance (EPR) spectroscopy and
molecular dynamics (MD) simulations to study the relative flexibility of the structural domains in
metal-free PsaA and its distribution of conformations in solution. The results show that the crystal
structure of the metal-free PsaA is a good representation of the dominant conformation in solution,
but the protein also samples structurally distinct conformations that are not captured by the crystal
structure. Further, theseresults suggest that the metal binding site is larger and more solvent
exposed than indicated by the metal-free crystal structure. Collectively, thisstudy provides atomicresolution insight into the conformational dynamics of PsaA prior to metal binding and lays the
groundwork for future EPR and MD based studies of PsaA in solution.
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GRAPHICAL ABSTRACT

HIGHLIGHTS
 PsaA is the Mn2+-recruiting protein of the human pathogen Streptococcus pneumoniae
 Metal-free PsA samples structurally distinct conformations not captured by the crystal structure
 The metal binding site is larger and more solvent exposed than indicated by the crystal structure
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INTRODUCTION

Metal-ion receptor proteins in prokaryotic cells represent a functional dichotomy. They bind metal
ions from the extracellular environment with nanomolar affinity via thermodynamically favourable
interactions between the ion and the binding sitein the protein[1, 2]. However, efficacious
scavenging of ions relies upon the subsequent release of the ion from the binding site to facilitate
transport into the cell. This combination of high-affinity binding followed by ligand release enables
cellular accumulation of metal ions from the extracellular space, which is essential for a range of
intracellular processes[3, 4]. Despite this, the metal-free conformations of metal-ion receptor
proteinshave been poorly characterized due to the intrinsic challenge of isolating them without
contamination by co-purifying metal ions.
Pneumococcal surface antigen A (PsaA) is the essential Mn2+-recruiting protein of the major human
pathogen Streptococcus pneumoniae. S. pneumoniaeis a causative agent of bacterial pneumonia,
meningitis, septicaemia and otitis media[5, 6]and is the foremost bacterial pathogen associated with
mortality in children less than 5 years old worldwide[7].Manganese has crucial roles in S.
pneumoniaevirulence, including protection against superoxide stress, capsule production, and
metabolism[8, 9]. As a consequence, impairment of Psapermeasefunction results in an attenuation
of thein vivo virulence of S. pneumoniae[5, 9-12]. In addition to its role in metal acquisition, the P4
region (residues 251-278) of PsaA is immunogenic[13-15]. The P4 region has also been implicated
in mediating PsaA adhesion to nasopharyngeal epithelial cells[11-16], although the in vivo
relevance of this adhesin property remains contentious.The reduced efficacy of current vaccine
regimes, together with the spread of multidrug resistant strains, highlights an urgent need to develop
new therapeutic strategies for the management of pneumococcal infections [17].Due to the central
role of PsaA in the establishment ofS. pneumoniae infections, understanding how the structure and
conformational dynamics ofPsaAis related to its physiological function can form an important
contribution to the development of new strategies to prevent and treat pneumococcal disease.
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PsaA belongs to the Cluster A-I subgroup of solute-binding proteins (SBPs) associated with ABC
permeases. It has a two-lobed organization comprising of N- and C-terminal (β/α)4-domains
linked by a rigid helix, and bisected by a cleft in which the Mn2+ ion binds [18, 19] (Figure 1a).
This overall fold is conserved amongst SBPs in the cluster A group that interact directly with metal
ions[17, 20], or bind chelated metals [21] or vitamins [22]. Recent structural advances have
revealed that the length and flexibility of the linking helix in the SBPs plays a crucial role in the
mechanism of ligand binding. The role of the linking helix is well defined in cluster B SBPs, such
as the amino acid binding SBP LivJ, which has a considerably shorter helical linker region
permitting large domain movements (up to 60°) upon ligand binding. This ligand binding
mechanism in cluster B SBPs is commonly referred to as a „Venus flytrap‟ binding mode [23]. The
lack of high-resolution structural information on the conformational landscapes of SBPs from other
clusters has precluded conclusions about the generality of this mechanism. Furthermore, the length
of the helical linker domain suggested that other SBPs were unlikely to undergo such extensive
domain rearrangements.

The recent elucidation of a set of high-resolution structures of metal-free PsaA in the open state
enabled the first comparison of the open and closed conformations of the cluster A-I subgroup of
SBPs[24]. Based on these crystal structures, it was proposed that the helical linking region restricts
the extent of conformational movement within PsaA. In contrast to the large movements observed
in the LivJ structures, the metal-free and metal-bound structures of PsaA only showed a relatively
minor (~13°) rotation of the C-terminal domain, in which the pivoting was centeredon the last
segment of the linking helix (residues 190 -194). As such, this distinct conformational transition,
which suggests a relatively rigid protein, was likened to a „spring-hammer‟ binding mechanism[24].
However, crystal structures represent static snapshots of proteins, usually captured in a single
conformation within the crystal lattice. Consequently, the metal-free PsaA structure represents one
stable conformation of the protein, and may not reveal the full extent of conformational dynamics
of metal-free PsaA in solution. Therefore, it remains to be ascertained how the crystallographic
6

structure of metal-free PsaA compares to itsconformational flexibility in solution. Previous MD
studies of PsaAhave examined the structural changes that are induced by removing the metal ion
from the metal-bound protein[24]. The series of 50 ns simulations from that work showed that the
observed structural changes were consistent with the proposed spring-hammer mechanism [24].
However, they did not converge to the metal-free crystallographic conformation, suggesting that the
conformational flexibility of PsaA is greater than suggested by the metal-free and metal-bound
crystal structures. Here, the aim of this study was to combine molecular dynamics (MD)
simulations and continuous wave (cw) electron paramagnetic resonance (EPR) spectroscopy to
characterize

the

mobility

of

thestructural

domainsofmetal-free

PsaA,and

determine

theconformations sampled by the protein in the absence of the metal ion.The combined results from
EPR spectroscopy and MD simulations show that,while the high-resolution structure of metal-free
PsaA is a good representation of the predominant conformation of PsaA in solution,the protein also
samples structurally distinct conformations that are not captured by the crystal structure.
Furthermore, in all simulationsof metal-free PsaA, the metal binding site was more solvent exposed
than in the crystal structure. The unwinding of the linking helix, characteristic of all metal-bound
structures crystallised thus far,[24]was not observed in our simulations of metal-free PsaA,
suggesting that thisconformational change is only induced upon metal binding. This study
characterizes the intrinsic flexibility of metal-free PsaA in solution, providing additional structural
information that cannot be obtained from the availablecrystal structures. These resultscontribute toa
greater understanding ofthe structure-function mechanisms of metal-receptor proteins in S.
pneumoniae and other prokaryotes.

METHODS

Expression and purification of PsaA and variants

Recombinant PsaA was cloned from S. pneumoniae D39 genomic DNA, gene SPD_1463,
intopCAMcLIC01-PsaA

as

previously

described
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[19].

The

recombinant

sequence

of

PsaA(Supplementary Table 1) is the mature soluble portion of the protein (residues 32-309)and
does not contain any endogenous cysteine residues.Site-directed mutagenesis (Quikchange
Lightning Kit, Agilent Technologies) was used to introduce the cysteine mutations in the coding
sequence of pCAMcLIC01-PsaA to generate Cys-PsaA mutant variants (all primers are listed in
Supplementary Table S2). Protein expression was performed in E. coliLEMO21(DE3), by growing
the cells in an autoinducing TB medium (Overnight Express, Merck) for 18 hours at 303 K. Cells
were harvested and disrupted at 30 kPSI by a Constant Systems cell disruptor and the soluble
supernatant isolated by centrifugation at 277 K for 60 min at 120,000 × g. PsaA was isolated in a
Histrap HP column on an AKTA Purifier and was further purified on a Superdex 200 10/300 gel
filtration column (GE Healthcare). The dodecahistidine tag was removed by enzymatic digestion by
the human rhinovirus 3C protease and the protein purified further on aHistrap HP column.

Generation of metal-free PsaA

Purified metal-free PsaA and mutant variants were prepared by dialyzing the protein with the
polyhistidine-tag removed (10 mL) in a 20 kDa molecular weight cut-off membrane (Pierce) against
4 L of sodium acetate buffer, pH 3.7, with 20 mM EDTA at 300 K. The sample was then dialyzed
against 4 L of 20 mM Tris-HCl, pH 7.2, 100 mM NaCl, at 277 K and centrifuged at 18,000 × g for
10 min to remove any insoluble material. The Cys-PsaA variants were purified using essentially the
same procedure with 5 mM dithiothreitol (DTT) or 5 mM tris(2-carboxyethyl)phosphine (TCEP)
included in all buffers. Protein samples were analysed for metal content by heating 10 μM protein at
370 K for 30 min in 3.5% HNO3. Samples were analysed by inductively-coupled plasma mass
spectroscopy (ICP-MS) on an Agilent 7500cx ICP-MS (Adelaide Microscopy, University of
Adelaide).
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Protein assays
Metal-loading assays were performed on purified metal-free PsaA variants (30 μM) by mixing with
300 μM MnSO4 (10-fold excess) in a total volume of 2 mL into the assay buffer (20 mM MOPS, pH
7.2, 100 mM NaCl) for 60 min at 277 K. The sample was desalted on a PD10 column (GE
Healthcare) into the assay buffer and the protein concentration was quantitated. The protein was
then analysed by ICP-MS. 5-10 μM solutions of control (metal-free) and metal-loaded protein were
prepared in 3.5% HNO3 and boiled for 30 min at 370 K. Samples were then cooled and centrifuged
for 20 min at 14,000 x g. The supernatant was then analysed ICP-MS and the protein-to-metal ratio
determined.

Labelling of PsaA variants with MTSL

The Cys-PsaA variants were spin-labelled using the cysteine-specific label MTSL (S-(1-oxyl2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl

methanesulfonothioate)

(Toronto

Chemicals). A ~10-fold excess of DTT was added prior to labelling to reduce any disulfide bonds
and then removed after 1 hour using a PD-10 column and Chelex-100 treated 20 mM MOPS, pH
7.2, 100 mM NaCl. Samples were then immediately labelled using a 10-fold molar excess of MTSL
to PsaA, from a 50 mM MTSL-DMSO stock, and left to react for 3 hours in the dark with mild
shaking. Unbound MTSL was removed by buffer exchange (4×) with Chelex-100 treated 20 mM
MOPS, pH 7.2, 100 mM NaCl and concentrated using spin concentrators (10 kDa molecular weight
cut-off).

Continuous wave electron paramagnetic resonance measurements
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Room-temperature X-band cw EPR spectra were acquired using a BrukereleXsys E500
spectrometer fitted with a Bruker ER4123D loop-gap resonator. The total active sample volume
was 10 µl. Experimental parameters for the cw EPR spectra were: microwave power, 0.6315 mW;
field modulation amplitude, 1 G; field modulation frequency, 100 kHz; sweep width, 9 mT; number
of scans, 32 scans.

The spectra were quantified by double integration against a known

concentration of MTSL to give concentrations between 100 to 300 µM MTSL-labelled PsaA, which
were comparable to the concentrations calculated by a standard protein assay.

Simulations of thecw-EPR spectra were performed using the program Easyspin[25]. Random
rotational motion of the spin probe was assumed, and the corresponding correlation time, τc, was
an adjustable parameter. All five spectra were simulated using parameters typical for a nitroxide
spin probe with gz ~ 2 and Azz =34-38 Gauss. The spectra of the L56C, S58C, I125C and S266C
PsaAvariants were simulated using a single component, whereas the spectrum of the I236C
PsaAvariant required simulation with two components. For the two-component simulation, the τc
of both components is given.

MD simulations of wild-type and spin-labelled PsaA

All MD simulations were performed using the GROMACS (Groningen Machine for Chemical
Simulation) package version 3.3.3 [26], in conjunction with the GROMOS 54A7 force field [27] for
proteins. The metal-free PsaA crystal structure (PDB-ID 3ZK7) was used as a starting point for all
simulations. The crystallographic water molecules were retained. Water was described using the
simple point charge (SPC) water model[28]. All simulations were performed under periodic
boundary conditions using a rectangular box with at least 1.2 nm between the protein and the box
wall. The van der Waals interactions were evaluated using a 0.8 nm cut-off. To minimize the effect
of truncating the electrostatic interactions beyond the 1.4 nm long-range cut-off, a reaction field
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correction was applied using a relative dielectric constant of εr = 78.5.Note that the GROMOS
54A7 forcefield has been specifically parameterised for use with a reaction field and the given cutoff values [27].The SHAKE algorithm [29] was used to constrain the lengths of the covalent bonds.
The SETTLE algorithm [30] was used to constrain the geometry of the water molecules. In order to
extend the timescale that could be simulated, explicit hydrogen atoms in the protein were replaced
with dummy atoms, the positions of which were calculated at each step based on the positions of
the heavy atoms to which they were attached. This eliminates high frequency degrees of freedom
associated with the bond-angle vibrations involving hydrogen atoms, allowing a time step of 4 fs to
be used to integrate the equations of motion without affecting thermodynamic properties of the
system significantly [31]. The simulations were carried out in the NPT ensemble at T = 300 K and
P = 1 bar. The temperature and pressure were maintained close to the reference values by weakly
coupling the system to an external temperature and pressure bath using a relaxation time constant of
0.1 ps and 0.5 ps, respectively. The compressibility was 4.5 × 10-5 bar and the pressure coupling
was isotropic. Configurations were saved every 40 ps for analysis. Images of the protein were
produced using VMD [32].

For simulations of wild-type PsaA, the metal-free PsaA crystal structure was placed in a box of SPC
water. As the primary sequence of wild-type PsaA has a net charge of -10 e, 10 Na+ counter-ions
were added to ensure the overall charge neutrality of the system. Further ions were added to adjust
the concentration of the solution to 200 mMNaCl. Three independent sets of 50 ns unrestrained MD
simulations were performed. The end structures from the wild-type PsaA simulations were used as
the starting structures for the simulations of spin-labelled Cys-PsaA variants. A single point
mutation of cysteine covalently bound to the MTSL probe was incorporated into each of the PsaA
systems, at residues L56, S58, I125, I236 and S266, as shown in Figure 1. The MTSL spin label
was parameterized using the Automated Topology Builder (ATB) as described previously [33].
The optimised geometry and the topology for the MTSL is available from the ATB webserver [34].
Each PsaA variant underwent 1000 steps of energy minimization using a steepest descent
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algorithm, followed by 0.5 ns of unrestrained MD simulation to allow the conformation of the
cysteine-linked spin-label to respond to the local environment of the protein. Each of the five PsaA
variants was solvated in a box of SPC water and Na+ counter-ions were added to ensure the overall
charge neutrality of the system. Further ions were added to adjust the concentration of the solution
to 200 mMNaCl.For each of the five MTSL-labelled PsaA systems (referred to as L56C, S58C,
I125C, I236C and S266C), three independent sets of 300 ns unrestrained MD simulations were
performed.

Analysis of MD simulations

Cluster analysis of wild-type and variant PsaA: The trajectories from all independent simulations of
the wild-type PsaA and the five MTSL-labelled Cys-PsaA variants were concatenated to a single
trajectory containing 840 structures from PsaA variant simulations and 80 structures from wild-type
PsaA simulations. Cluster analysis was preformed on the backbone structure of the PsaA protein
using the clustering algorithm described byDaura and co-workers [35], using cut-offs between 0.1
nm and 0.3 nm.In this work, two conformations were considered to fall within the same cluster if
the backbone RMSD between the conformations was less than the specified cut-off.

Root mean squared deviation (RMSD): As a measure of the difference between configurations
extracted from the trajectories or clusters, the RMSD was calculated using the method of Maiorov
and Crippin[36] after first performing a rotational and translational fit of each frame of the
trajectory to a reference structure or domain.

Orientation and rotational mobility of the MTSL label: For each of the five MTSL-labelled PsaA
variants, the trajectories from the 3 independent runs were combined. To remove rotational and
translational motion from the system, the protein was aligned to the starting structure using all
backbone atoms except atoms in the spin label. To estimate the motion of the MTSL spin label its
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Root Mean Square Fluctuation (RMSF) was calculated for each of the five MTSL-labelled PsaA
variants. The RMSF value was calculated using all non-hydrogen atoms in the MTSL molecule and
averaged over all frames in the respective trajectory. To de-couple the motion of the spin label from
the conformational changes of the protein, the rotational angle of the probe relative to the Cαof the
covalently bound cysteine was calculated. For this, the vector between the MTSL pyrrole nitrogen
and the Cαof the covalently bound cysteine was calculated as a function of simulation time and the
rotational angle of the probe was then calculated as the arccosine of the vector dot product, as
described previously [33]. For each of the five MTSL-labelled PsaA variants, the time-dependent
data of the rotational anglewas binned into histograms and plotted as radial plots. Volumetric maps
prepared in VMD showing the occupancy of probe throughout the simulation were used to visualize
the mobility of the probe in the different PsaA variants.

Flexibility of the PsaA protein:The mobility of the different domains in the PsaA protein was
determined by calculating the RMSF of the Cα of each residue in PsaA. The RMSF was calculated
using a trajectory containing 840 structures from PsaA variant simulations and 80 structures from
wild-type PsaA simulations and the RMSF values were averaged over all atoms in each residue to a
single RMSF value per residue.
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RESULTS
Cys-PsaA variants interact with Mn2+in vitro

PsaA has a single metal-binding site located ~1.5 nm beneath the solvent accessible surface of the
protein (Figure 1a), which is able to bind ~1 mol of Mn2+ per mol of protein[24, 37]. As shown in
Figure 1, the cysteine substitutions used for MTSL spin-labellingare located outside of the
metalbinding site; nevertheless an equilibrium-binding assay was used to verify that incorporation
of the point mutations did not affect Mn2 -binding. We observed that the metal-free variants showed
Mn2+ binding comparable to wild-type PsaA (Table 1), indicating that the cysteine substitutions had
not altered the metal-receptor properties of PsaA. Therefore, it can be inferred that the metal-free
Cys-PsaA variants adopted a tertiary structure that was compatible with metal-ion interaction
equivalent to the wild-type protein[24].

Cys-PsaA variants are structurally equivalent to wild-type PsaA

Unrestrained MD simulations of metal-free wild-type PsaA and the five metal-free MTSL-labelled
Cys-PsaA variants (each incorporating a single point mutation) were carried out. For the wild-type
PsaA, three independent sets of simulations were performed, each lasting 50 ns, giving a combined
simulation time of 150 ns. For each of the five MTSL-labelled Cys-PsaA variants, three
independent sets of 300 ns simulations were performed, giving a combined simulation time of 900
ns for each variant. Thus in total, 4.65 μs of unrestrained MD simulations of metal-free PsaA were
carried out. The longer simulation time of the spin-labelled Cys-PsaA variants was to ensure
sufficient sampling of the MTSL spin label.

To furtherensure that the incorporation of MTSL-labelled cysteine has not resulted in large
structural changes of metal-free PsaA a cluster analysis[35]was performed. For this, thetrajectories
from simulations of wild-type PsaA and all five MTSL-labelled Cys-PsaA variants werecombined
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into a single data set.Using a backbone Root Mean Square Deviation (RMSD) cut-off of 0.30 nm,
all structures from simulations of the five PsaA variants and the wild-type PsaA were grouped into
a single cluster, showing that within this cut-off, the mutant variants and wild-type PsaA can be
considered as structurally equivalent. Note that two structures from a protein of between 200 and
300 amino acids in length that show a backbone RMSD of 0.30 nm can be considered similar and
indicatesthe absence of large structural rearrangements[38, 39]. Collectively, the cluster analysis
and the metal-binding assays confirmed that introducing a cysteine and labelling with MTSL does
not perturb the overall structure of the protein and that the Cys-PsaA variants can be considered
functionally and structurally equivalent to wild-type PsaA in solution.

Conformational dynamics of metal-free PsaA in solution

To investigate the conformational dynamics of metal-free PsaAin solution, the cluster analysis of
the combined trajectory was repeated using progressively smaller cut-offs.Analysis with a 0.25 nm
RMSD cut-off identified 13clusters,of which 11 contained 2 or more structures. These clusters
capture the most frequently occurring localized motionsof metal-free PsaA in solution. Repeating
the cluster analysis with lower cut-offs produced more clusters, but did not identify any additional
subpopulations with distinct structural features.Figure 2 shows the assignment of structures from
the combined trajectory to the four main clusters and also illustrates the characteristic motions that
distinguish the structures in each cluster.

The four most populated clusters contained 82% (cluster 1), 5% (cluster 2), 4% (cluster 3) and 3%
(cluster 4) of the conformations, representing 94% of thecombined trajectories.The assignment of
structures to the full set of clusters canbe found inSupplementary Figure S1. It is important to note
that structures from both wild-type and all five Cys-PsaA variants are found in the dominant cluster
(cluster 1) and that structures from WT simulationsare also found inmost of the other clusters (see
also Supplementary Figure S1). Further analysis showed that clusters 1 and 3 contained 55% and
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17.5% of the 80 structures from simulation wild type PsaA, respectively. The remainder of the wild
type conformations were distributed across 4 more clusters.This further confirms that WT and CysPsaA variants can be considered structurally equivalent and that the mutations and introduction of
the spin labels did not result in significantly increasedsampling of conformations that are not
present in the wild-type protein.

The most populated cluster, cluster 1 in Figure 2, represents the major PsaA conformation. Here the
orientations of the N- and C-terminal lobes were found in positions analogous to that of the metalfree PsaA crystal structure (PDB ID 3ZK7).The backbone RMSD between the central conformation
of cluster 1 and that of the solvated PsaA crystal structure used to initiate the simulations is 0.17
nm.As can be seen in Figure 2, clusters 2, 3 and 4 represent conformations in which there was a
lateral splaying of the C-terminal lobe, characterized by an outward motion of the P4 domain
(residues 250 – 280, orange) and the „mobile helix‟ (residues 220 – 250, red) away from the
longitudinal axis of the protein. This motion is accompanied by an increased mobility of the loop
adjacent to the metal-binding site (residues 120 – 130, purple). The relative extent of these motions
is the main difference between the conformations of clusters 2, 3 and 4. It should be noted that the
distribution of the backbone RMSD of PsaA conformations identified lay within a 0.3 nm cut-off
and are consistent with the RMSDs previously reported by Couñago et al. [24].From the structures
in each of the 4 most dominant clusters seen in Figure 2, it is evident that the C-terminal lobe of
PsaA exhibits the highest conformational fluctuations.Further analysisof the concatenated
trajectories showed that the splaying of the C-terminal lobe is reversible, and that there is interconversion between the conformations of the structures found in the four dominantclusters, as can
be seen in the cluster assignment in Figure 2 and Figure S1 in the Supplementary Material, as well
as Figure S2 that illustrates the transitions between clusters.

To quantify the relative flexibility of the different structural domainsofmetal-free PsaA, the perresidue Root Mean Square Fluctuation (RMSF) was calculated using the combined trajectory.
Figure 3a shows the per-residue RMSF with regions of high, intermediate and low RMSF values
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shaded in red, orange and blue, respectively. The protein domains that correspond to these regions
are shown in the same colours in Figure 3b. The linking helix that connects the C- and N-terminal
lobes (residues 150-220) showed the lowest RMSF values with a slight increase in mobility towards
the C-terminal half. The P4 domain in the C-terminal lobe (residues 250-280) and the two helixloop domains in the N-terminal lobe (residues 50-75 and 90-110) showed intermediate RMSF
values. The regions of highest mobility were the short loop between the C- and N-terminal lobes
(residues 120-130) and the helix-loop domain of the C-terminal lobe preceding the antigenic P4
region (the mobile helix).

Given that the lateral splaying of the C-terminal lobe and the loop flanking the metal binding site
was observed in many of the conformations of PsaA in solution, a more detailed structural analysis
of the metal binding residues in the PsaA crystal structures and the solution model was carried out.
Comparison of the metal binding residues, His67, His139, Glu205 and Asp280, in the Mn-bound
and metal-free PsaA crystal structures showed that these residues are further apart in the absence of
the metal ion [24]. In the simulations of metal-free PsaA in solution, the inter-residue distance
between His67 and Glu205 was significantly larger than observed in the metal-free crystal structure
(see Supplementary Figure S3 and Supplementary Table S3). A similar increase was observed in
the simulations reported by Couñagoet al. [24]. Furthermore, it is notable that the partial unwinding
of the linking helix observed crystallographically on metal binding [24] was not sampled in any of
the conformations from the MD simulations.

Mobility of protein domains based on EPR spectroscopy

To complement the MD simulations, the cwEPR spectra for the five MTSL-labelledCys-PsaA
variants were collected. The spectral line-shapes, shown in Figure 4, provide information about the
motion of the spin-label on the picosecond (ps) to microsecond (s) time scale and are a result of
the paramagnetic relaxation of the MTSL spin-label. Fast protein backbone motion on the
nanosecond (ns) time scale can also affect the line-shape. The characteristic MTSL spectrum arises
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from interaction of the unpaired electron with the nitroxide14N nucleus (nuclear spin, I = 1) to give
three dominant spectral features that correspond to hyperfine coupling in the m I(0, ±1) states. The
detailed spectral line-shape of MTSL is dependent on the mobility of the nitroxide spin-label.A very
sharp EPR line-shape is characteristic of a highly mobile spin-label with fast inter-conversion
between the different rotameric states, while peak broadening results from immobilized labels with
slow or no inter-conversion between states. Thus, the comparison of line-shapes and the relative
peak broadening in the spectra can be used tocalculate the relative mobility of the MTSL attached
to different parts of the PsaA protein.Typical reorientational correlation times (τc) are <1 ns for
highly mobile, > 4 ns for slow tumbling and approaching 1 μs for immobilised nitroxidespinlabels.As motion becomes faster, exchange between spin-label orientations leads to averaging of the
anisotropic hyperfine contributions to the line-shape of the spectrum[40]. The outer extrema
hyperfine splitting in the nitroxide spectrum, anisotropic at the rigid limit (2Azz‟ ≈ 6.8 mT), become
narrower as they become isotropic in highly mobile spin-labels (2Azz‟=2Aiso≈ 3.0 mT) (shown in
Figure 4).

The 5 MTSL-labelledCys-PsaA variants gave X-band EPR spectra that are typical for spin-labelled
proteinswith τcvarying between ~1 to 10 ns. EPR simulations of the spectra were performed, under
the assumption of isotropic rotational motion of MTSL, to obtain c, for the motion of the nitroxide
spin-label of each of the PsaA variants (Figure 4, dotted lines).The EPR spectrum of the S266C
variant, located within the antigenic P4 region of PsaA, showed the sharpest line-shape, indicating
the label was highly mobile with a c of 970 ps (Figure 4e). By contrast, the L56C (Figure 4a) and
S58C variants (Figure 4b) variants, from the N-terminal domain, and the I236C variant (Figure 4d)
isoform, from the C-terminal domain, showed extensive peak broadening, concordant with slow
spin-label tumbling and c’s of 7-10 ns. The spectrum of the I236C variant also showed the presence
of a small percentage (13 %) of more mobile spin-label(cof 1.2 ns). The I125C variant showed
only some broadening with a cof 2.7ns (Figure 4c) indicative of intermediate mobility.
Collectively, the results from the cw EPR spectroscopy experiments showed an order of relative
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mobility, from least to greatest, of: S58C < L56C <I236C (87% of spin-label) < I125C < S266C ≈
I236C (13 % of spin-label) (Figures 4 a-e).

Mobility of spin-labels from MD simulations

MD simulation techniques enable the tracking of spin-label motion with atomic resolution in the ps
to ns timescales.As the temporal resolution of MD simulations corresponds to those of EPR
spectroscopy, they can provide a complementary means of examining both the motion and local
environment of the paramagnetic probe[41-44]. MD simulations are increasingly used to aid in the
interpretation and analysis of EPR data, as it enables the de-convolution of probe motion from the
underlying motion of the protein [41-48]. It is important to note that the comparison between spin
mobility form MD simulations and the line shapes from the cw EPR spectra were compared on a
qualitative basis. The mobility of the spin-labels for the 5 MTSL-labelledCys-PsaA variants was
first estimatedby calculating the RMSF of the incorporated MTSL-cysteinefor each point mutation
in PsaA (Figure 5). For this, the protein was aligned to its starting structure to remove the rotational
and translational motion of the entire system. The RMSF was then calculated using all nonhydrogen atoms in the Cys-MTSL and averaged over all frames in the simulationof the respective
Cys-PsaA variant. Therefore, the RMSF provides a measure of the deviation of the cysteine-linked
MTSL spin-label from its initial position, as the simulation evolves over time. The RMSF values
indicate that the spin labels attached to residues in the N-terminal lobe (L56 and S58) are
significantly less mobile than the ones attached to residues in the C-terminal lobe (I236 and S266)
or the loop flanking the metal binding site (I125). To visualize the relative mobility of the five spinlabels, volumetric maps based on the occupancy of the Cys-MTSL label over the entire simulation
were generated (see Supplementary Figure S4).

While the time-averaged RMSF provides information on the relative mobility of the probe in the
different Cys-PsaA variants, it does not report on the probe‟s rotational motion. This was calculated
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as the rotational angle of the probe relative to the Cαof the covalently bound cysteine after again
removing the rotational and translational motion of the system. This captures the rotational motion
of the spin label independent of the underlying motion of the protein. Figure 6 shows the radial
distribution plots of the rotational angles for each variant. The data shows that L56C-MTSL
samples a very narrow rotational motion in comparison to the other variants. It also exhibited the
lowest RMSF of all the Cys-MTSL probes and produced a high degree of spectral broadening in
EPR (τc= 7.6ns), indicating that L56C-MTSL is highly immobilized. This can beexplained by its
local environment. L56 is located in the -sheet region of the N-terminal (β/α)4-domain, consisting
of four parallel -strands. The -sheet hydrogen-bonding network between the backbone carbonyl
and amide groups of residues Val35, Ala37, Asp55, His57 and Ile59 constrain the L56C-MTSL
backbone to the plane of the -sheet. Hence, theside chain of L56C-MTSL is sterically constrained
by the side chains of Lys47 and Asp52, which severely restricts its rotational motion.

The bimodal distribution for S58C-MTSL suggests the spin-label at this position has two preferred
orientations, both with low mobility. The mobility of S58C-MTSL is comparable to that of the
L56C-MTSL spin-label, in agreement with the peak broadening in the EPR spectra (c = 9.3 ns,
Figure 4). S58C-MTSL is located within the same N-terminal -sheet region, two residues away
from L56C, but has higher solvent accessibility. The backbone mobility of S58C-MTSL is again
constrained by the rigid -sheet motif. However, the S58C-MTSL side chain has a greater degree of
mobility and switches between a preferred orientation, in which the MTSL nitroxide oxygen
interacts with the primary amine of Lys47, and a second more mobile orientation that lacks specific
interactions. The low RMSF of S58C-MTSL suggests that there is only a slow interchange between
the two preferred angular rotations.

The radial distribution of the I125C-MTSL, along with its RMSF value, suggests an intermediate
mobility, albeit lower than expected from the EPR spectra. I125C-MTSL is located in the extended
loop region flanking the metal-binding site. The I125C-MTSL backbone carbonyl forms a -sheet
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hydrogen bond with the backbone amide of Asp137. The short stretch of -sheet is also H-bonded
between the backbone amide of Leu96 and backbone carboxyl of Lys104. Further interactions
between the side chains of Asp137 and Tyr210 (in the C-terminal lobe) contribute to the
coordination of this region of the protein.

I236C-MTSL and S266C-MTSL, both of which are located in the C-terminal domain, show very
broad angular distributions and high RMSF values, indicating these labels have increased mobility
compared to labels in other domains of the protein. In the MD simulations, both I236C-MTSL and
S266C-MTSL are highly solvent-accessible and do not form any stable contacts with surrounding
residues. Consequently, these labels are not restricted in their mobility. In particular, S266 shows
very broad radial distribution suggesting almost complete free rotational motion, consistent with the
sharp peaks in the EPR spectra. The peak broadening in the EPR spectra of I236C-MTSL suggests
lower mobility than indicated by the MD simulations. Overall, the RMSF values and the rotational
motion analyses indicate a relative mobility profile, from least to greatest, of: L56C < S58C <
I125C < I236C ≈ S266C. Collectively, based on the qualitative comparison ofthe spin mobility and
peak broadening, the cw EPR and MD simulations showed acceptable agreement in the prediction
of relative mobility for the restricted (L56C, S58C) and very mobile (I236C, S266C) labels.

DISCUSSION
PsaA is a part of the primary Mn2+ uptake pathway of S. pneumoniae, and facilitates the acquisition
of this essential trace element from the extracellular environment. Our recent studies have also
shown that PsaA has a vital role in S. pneumoniae virulence[4-6], and blocking PsaA with zinc or
cadmium, impairs bacterial growth due to disruption of Mn2+acquisition [37, 49]. Understanding the
molecular details that underpin the PsaA-facilitated process of metal-binding and subsequent
release is fundamental to expanding our knowledge of S. pneumoniae virulence and,more generally,
the acquisition of essential transition metal ions at the host-pathogen interface. The crystal
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structures of the metal-free and metal-bound PsaA were a first step towards understanding the metal
binding, indicating that the C-terminal domain of PsaA undergoes a rigid body motion of the Cterminal domain via a “spring-hammer” mechanism to facilitate metal binding [24]. However,
thesecrystalstructures only provide static snapshots of the most stable conformations and cannot
provide information on the conformational dynamics of proteins in solution. Thus, the aim of this
study was to characterize the conformational flexibility of metal-free PsaA in solution using a
combination of MD simulations and cw EPR spectroscopy. For this, five Cys-PsaA variants that
were labelled with the spin-label MTSL at positions L56, S58, I125, I236 and S266 were used to
collect cw EPR spectra and the relative mobility of the spin-labels in the five variants was
determined from the EPR spectra as well as from MD simulations. In addition, a cluster analysis on
the structures from the MD simulations was used to find the most common conformations that
PsaAadopts in solution in the absence of a metal ion.

The results from the MD simulations and the cw EPR experimentsclearly indicate that the Cterminal lobe is more flexible than the N-terminal lobe. The per-residue RMSF further showedthat
the C-terminal helical residues 220 to 250, referred to, as the “mobile helix”, and the loop flanking
the metal binding site are the most flexibleregions of the protein, while the linking helix is the most
structurally rigid domain. This result is consistent with prior structural observations[18, 24, 37]. The
flexibility of the mobile helix is notable, as it contains the negatively charged residues predicted to
be essential for recognition by the transmembrane domain of the ABC transporter, PsaC.It is
important to note that the secondary structure of the mobile helix is always maintained in
simulations, while its orientation with respect to the rest of the protein varies, increasing the
conformational states sampled by PsaA in solution. Thus, we hypothesise that the increased
flexibility andvariability in orientation of this regionof PsaAcould act as a mechanism by which to
abrogate potential non-productive interaction with PsaC in the absence of the metal-loaded form of
the SBP.The results from the cw EPR line shapes show reasonable agreement with the relative
mobility from MD simulations, except for the case of I236C in the flexible C-terminal domain. The
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complex line shape of I236C suggests a dynamic conformational exchange between two states that
are related to each other by the outward movement of the C-terminal lobe. The major rotamer is less
mobile than predicted by the MD simulations and has a characteristic broad line shape that suggests
the motion of the MTSL nitroxide is restricted by the C-terminal helix. Rotation of the C-terminal
helix increases the relative mobility of the nitroxide, producing a sharp spectral cw EPR line shape,
as seen in the MD simulations. The two components are proportional to the frequency of sampling
of each respective population, which differs in the MD and the cw EPR,likely due to insufficient
statistics on the relative occurrences of the two states in the MD simulations.

The results from the clustering analysis of the MD simulations indicate that the crystal structure of
metal-free PsaAprovides an accurate representation of the dominant conformation of metal-free
PsaA in solution. However, the analysis also revealed a number of conformational sub-populations
that show a lateral splaying of the C-terminal lobe through increased movements of the antigenic P4
domain, the mobile helix and the small loop connecting the C- and N-terminal lobes.These
conformations represent a smaller yet distinctly different component of the conformational
landscape of metal-free PsaA protein in solution that is not captured by the crystal
structure.Analysis of inter-residue distances suggests that the metal binding siteis larger and more
solvent exposed than indicated by the crystals structure and previous MD simulations [24],
increasing the accessibility of the metal binding site for metal loading and delivery to the
PsaCpermease.During the combined 4.65μs of unrestrained simulations, the distance between these
residues never approached distances short enough to capture a metal ion. Collectively, this
indicatesin the absence of metal ions,PsaA does not dynamically sample the metal-bound
crystallographic conformation required for binding and recognition by the PsaBC ABC transporter
complex[24]. This is consistent with the previous simulations reported by Couñagoet al., where it
was observed that PsaA rapidly diverged from the metal-bound crystallographic conformation on
removal of the bound metal-ion. Overall, the flexibility and the conformational dynamics of metalfree PsaA in solution revealed in this study areconsistent with the rigid-body movements observed
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in the transition from the metal-free to the metal-bound structural conformations, i.e. the springhammer ligand-binding mechanism [24].This work provides new atomic-resolution insights into the
conformational flexibility of prokaryotic metal-receptor proteins and the importance of specific
domains within the cluster A-I SBP PsaA. Furthermore, these findings lay the groundwork for
future EPR and MD based studies of metal-receptor proteins in S. pneumoniae and other
prokaryotes.
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FIGURE CAPTIONS

Figure 1.Structure of metal-free PsaA.The location of the metal binding site is indicated by a
shaded circle (a). The Cα atoms of residues that were used for spin-labelling are shown as coloured
spheres (a,b,c). In each of the five Cys-PsaA variants the corresponding wild-type residues was
replaced by a Cys residue and labelled with MTSL, as shown in the example of residue S236C (d).

Figure 2. Clustering of PsaA structures in solution. 840 structures from simulations of the five CysPsaA variants and 80 structures from simulations of wild-type PsaA were combined and clustered
using a 0.25 nm cut-off. The 4 largest clusters, containing 94% of all structures, are shown. The Nterminal helix is shown in cyan. Themobile helix and P4 domain in the C-terminal lobe are shown
in orange and red, respectively. The loop adjacent to the metal binding site is shown in purple.

Figure 3.Flexibility of structural domains of metal-free PsaA in solution. Per-residue RMSF
calculated from MD simulations of metal-free wild-type and Cys-PsaA mutant variants. Regions
with the highest, intermediate and lowest RMSF values are highlighted in red, orange and blue,
respectively (a). Structure of the metal-free PsaA protein showing domains with the highest (red),
intermediate (orange) and lowest mobility (blue) based on RMSF values (b).

Figure 4. Representative cw EPR spectra of the five Cys-PsaA variants in which a MTSL label was
introduced at positions a) L56, b) S58, c) I125, d) I236 and e) S266. Simulations were performed
using Easyspin[25] and are shown as dotted lines with τc indicated. The spectra of the L56C, S58C,
I125C and S266C PsaA variants were simulated using a single component, whereas the spectrum of
the I236C PsaA variant required simulation with two components. For the two-component
simulation of d) I236C, the τc of both components is given and the weighting is 87 % to 13 % for
25

each, respectively. Vertical lines are shown to indicate peak broadening. 2Aiso’ ≈ 3 mT and 2Azz’ ≈
6.8 mT show the two extremes of hyperfine splitting when motionally averaged with high spin-label
mobility and at the rigid limit, respectively.

Figure 5.Relative mobility of MTSL labels.a) MTSL labels are coloured by relative mobility based
on MD simulations; least mobile in orange (L56C and S58C), intermediate mobility in green
(I125C), most mobile in red (S266C and I236C). b) The RMSF values for the MTSL spin labels in
each of the five Cys-PsaA variants was calculated using all non-hydrogen atoms in the MTSL
molecule and was averaged over all frames in the simulation.

Figure 6.Radial distribution plots of histograms for the rotational angle of the MTSL spin-label in
the five Cys-PsaA variants. The rotational motion of the spin-label is estimated by the distribution
of the rotational angle of the vector between the MTSL pyrrole nitrogen and the Cαof the
cysteine.

TABLES
Table 1. Binding of Mn2+ by metal-free wild-type PsaA and Cys-PsaA variant proteins.

Sample

Molar Ratio (Mn2+:PsaA)a

PsaA 10:1 Mn2+

 0.05

L56C-PsaA 10:1 Mn2+

0.78  0.06

S58C-PsaA 10:1 Mn2+

0.84  0.05

I125C-PsaA 10:1 Mn2+

0.81  0.08

I236C-PsaA 10:1 Mn2+

0.91  0.23

S266C-PsaA 10:1 Mn2+

0.80  0.10

a

Values shown represent the average and standard deviation from at least 3 independent
measurements.
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