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Summary

E. coliNikR is a homotetrameric Ni2*- and DNA-binding protein that functions as a transcriptional
repressor of the NikABCDE nickel permease. The protein is composed of 2 distinct domains. The
N-terminal fifty amino acids of each chain forms part of the dimeric ribbon-helix-helix (RHH)
domains, a well-studied DNA-binding fold. The eighty-three residue C-terminal nickel-binding
domain forms an ACT-fold and contains the tetrameric interface. In this study, we have utilized an
equilibrium molecular dynamics (MD) simulation in order to explore the conformational dynamics
of the NikR tetramer and determine important residue interactions within and between the RHH and
ACT domains to gain insight into the effects of Ni on DNA-binding activity. The molecular
simulation data was analyzed using two different correlation measures based on fluctuations in
atomic position and non-covalent contacts, together with a clustering algorithm to define groups of
residues with similar correlation patterns for both types of correlation measure. Based on these
analyses, we have defined a series of residue interrelationships that describe an allosteric
communication pathway between the Ni2* and DNA binding sites, which are separated by 40 A.
Several of the residues identified by our analyses have been previously shown experimentally to be
important for NikR function. An additional subset of the identified residues structurally connects the
experimentally implicated residues and may help coordinate the allosteric communication between
the ACT and RHH domains.
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Introduction

E. coli uses nickel ions under anaerobic conditions for the activity of its Ni-Fe hydrogenase
enzymes, where the metal assists in the reversible oxidation of diatomic hydrogenl. The
bacterium acquires nickel via the NikABCDE nickel permeasez. Excess Ni2* accumulation
by this pathway is controlled in part via transcriptional repression of nikABCDE expression by
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the nickel-dependent NikR repressor protein3; 4. NikR is one of two nickel-responsive
repressors in E. coli. The other is RcnR, which is structurally unrelated to NikR, and controls
expression of the RcnA nickel and cobalt efflux protein5.

Structural characteristics

NikR is a homotetramer composed of 2 distinct domains® (see Figure 1). The N-terminal 50
amino acrds of each chain contribute to two dimeric domarns of the ribbon-helix-helix (RHH)
famrly a known and well-studied DNA-binding fold . The C-terminal 83 amino acids of
each chain form a tetramer composed of four d?)aﬁﬁaﬁ domains that together contain the high
affinity nickel binding sites (K 1pM) This domain is structurally homologous to the
ACT-fold (aspartokinase, chorismate mutase, TyrA) family, which is a structural motif that
typically binds small molecules that allosterically control enzymatic act|V|ty 1 The NikR
protein forms an interesting union of the DNA-binding RHH and the regulatory ACT domains
to provide allosteric control of DNA binding through Ni2* binding and thereby allowing NikR
to act as a transcri 6ptronal repressor that responds to elevated intracellular Ni2*
concentrations® 6; 12 A number of residues for NikR activity have been identified through
structural and functional studies (Table 2).

Functional sites

Ni2* binding sites—Metal binding is required for measurable association of E. coli NikR
to nik operator DNA in vitro® 95 13 Metal binding stabilizes E coI| NikR against both heat
and chemical denaturation?: 10, as well as proteolytic cleavage . This stabilization is likely
related to a nickel-specific conformatronal change of the protein. Changes in backbone amide
hydrogen/deuterium exchange S show the largest effect with nickel, which binds with square-
planar coordination geometry » 16, 17 Other first-row transition metals bind with different
coordination geometries and exhibit H/D exchange different from the Ni2*-bound protern15

The X-ray structure of the E. coli NikR C-domain® first identified the high affinity nickel-
binding sites, located at the interface between two NikR dimers (see Figure 1). The NiZ* sites
are roughly ~40 A distant from the p sheet in the N-terminus that forms sequence-specific DNA
contacts (see Figure 1). This structure confirmed the square planar geometry first reported by
X-ray absorption spectroscopy 6 The nickel- -ligands come from the sidechains of His87,
His89, Cys95, and His76 bound directly to the metal. These residues are conserved in
alignments of NikR sequences from over 82 bacteria and archaeal species (Frgure 8). Mutation
of Cys95 to Ala eliminates the nickel-responsive DNA-binding activity of NikR16 and is
functionally inactive in vivol?2, equivalent to deletion of the nikR gene. The X-ray structure
also revealed that additional conserved residues (Tyr60, His62, GIn75, Glu97) Mutation of
Glu97 also eliminates the Ni-responive DNA-binding activit of NikR16. The sciuare planar
Ni-site has also been identified in structures of the H. pylorr and P. horikoshiil® NikR
orthologs.

DNA binding sites—NikR was identified” because of its sequence homology to the Arc
repressor, the archetypical RHH DNA-binding proternzo‘ 2 The isolated N-terminal domain
of NikR retains weak, nickel-independent DNA- blndrncIJ actrvrty Mutation of a B-sheet
residue in also abrogates DNA-binding. Schreiter et al.17 have determined the co- crystal
structure of ECNIikR with an operator DNA fragment. This structure confirms the expected
specific RHH-DNA interactions via the B-sheet. This structure also identified non-specific
contacts between the ACT-domain and the DNA.

Low-affinity metal binding site—There is evidence forafunctronal second nickel-binding

site in E. coli NikR that results in mcreased DNA-binding afflnrty 95 13 and increased
repression of NikABCDE expressmn5 than is observed with just high-affinity Ni-binding
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site occupancy. The structural location of this site is ambiguous. An X-ray structure of NikR
from Pyrococcus horikoshii 19 reported a second Ni2* site at the N- and C-terminal domain
interface (COO" of Glu30 and Asp34 and main chain C=0 of Ile116, GIn118, Val121). In
contrast, the E. coli NikR-DNA co- crystal structure reported a K+ ion bound using the same
residues. Mutation of either Glu 3019 or Asp34 17 eliminates the increased DNA- -affinity with
increased Ni2*.

Allostery and structural changes

Despite the available structural and biochemical data for NikR, it is not clear how Ni2*-binding
activates the protein for DNA-binding. Recent crystal structures of full-length E. coli NikR
with Ni2* and with both Ni2* and DNA bound” suggest that Ni2* binding is not correlated
with a single conformational state of the protein; i.e., Ni2* binding does not appear to “pre-
arrange” the protein into a conformation similar to the DNA-bound state. As such, it is not
obvious from crystal structure comparisons how nickel binding activates the protein for DNA
binding. Conformational heterogeneity has also been observed in crystal structures of the H.
pylori and P. horikoshii NikR orthologs 18; 19 solution studies suggest that at least a small
change in the average conformation of NikR must accompany Ni2* blndlng 15, indicating
that perturbations of the protein’s conformational flexibility and dynamics may play an
important role in activation of DNA binding. Recently, Cui and Merz used coarse-grained
elastic network models to probe the range of conformational motions available to the NikR
tetramer 23, They concluded that large-scale conformation changes were essential to transform
apoNikR into a DNA-binding state but were unable to identify the specific residue-level
changes needed to effect this change.

A series of both experimental and simulation studies support the notion of a gre existing
equilibrium of protein conformational states in the absence of bound Ilgands

Additionally, recent work using coarse-grained modeling of several enzymes supports a
connection between the conformational fluctuations of the apo protein and the motions
involved in functionally important conformational changes30? 1A helpful framework for
this idea is provided by the fluctuation-dissipation theorem, which states that the response of
a system to small perturbations involves fluctuation pathways that are present at equilibrium
prior to the perturbation32

We have utilized an equilibrium molecular dynamics (MD) simulation in order to explore the
conformational dynamics of the E. coli NikR tetramerS. Molecular dynamics methods have
been used with a variety of other proteins to find residue interactions that are involved in
conformational changes33 —36, The goal of our apoNikR simulation and analysis is to provide
insight into conformational fluctuations and local interactions involved in the structural
changes regulating the protein’s DNA binding affinity. Analyses of contact and positional
correlations within and between residues of the ACT and RHH domains have defined networks
of residues that connect the Ni2* and DNA-binding sites and are likely important for allosteric
control of NikR function. Several of the residues identified by these analyses have been shown
experimentally to be important for NikR function (Ni* or DNA-binding). An additional subset
of these residues provides a structural link between experimentally identified residues and may
help coordinate the allosteric communication between the ACT and RHH domains. Given the
structural similarity of the Ni2* binding ACT domain in NikR with other small molecule
binding ACT domains in a variety of other proteins, understanding how ACT domain control
works in NikR could help elucidate a common regulatory mechanism for several ACT-
containing systems.

§Hereafter, discussion of NikR in this manuscript refers to the E. coli protein, unless otherwise noted.
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Results

Equilibration measures

Molecular dynamics of apoNikR was performed as described in Methods and theory. Before
analyzing the conformational fluctuations of the NikR tetramer (532 residues) observed during
the MD simulation, it was important to assess whether or not the simulation achieved
equilibrium or steady-state sampling. The evolution of the RMSD relative to the starting
structure has been used to estimate equilibration and simulation stability in other systems37?
38, An initial rapid rise was observed in RMSD that leveled off around 10 ns (see
Supplementary Material Figure S1), but with substantial continued fluctuation between 2.5
and 4.5 A. An examination of the dihedral potential energy revealed a change over the first 30
ns of the simulation (see Supplementary Material Figures S2 and S3). At least part of the
dihedral energy drift appeared to correlate with changes in secondary structure over time gsee
Supplementary Material Figure S4). Using secondary structure assignments from DSSP39 as
implemented in the ptraj module of AMBER 9.040, this secondary structure change appeared
to be caused by a loss of a-helix with a concomitant gain in 31g-helix content, mainly in helix
B of the RHH domain and helix C of the ACT domain. Taken together, these data showed a
clear systematic drift in the MD trajectory that leveled off at ~30 ns.

The conformational effect of this systematic drift was also apparent in the correlation matrix
of atomic positions. Correlation matrices were calculated for the a carbon position of each
residue (532 total; 532 x 532 matrix). For comparison, the correlation matrix without the first
10 ns (change in RMSD) was compared with the matrix calculated without the first 30 ns
(systematic drift in potential energy). Clearly, inclusion of the simulation data between 10 to
30 ns has a strong effect on the correlation matrix (see Figure 2), leading to the conclusion that
the systematic drift apparent over the first 30 ns of the simulation gives rise to correlated
motions due to concerted structural changes rather than equilibrium fluctuations of the system.
Therefore, only the last 51 ns of the simulation were used for subsequent analyses.

Principal component analysis

Principal component analysis (PCA) yields a set of modes (eigenvectors) that represent a non-
redundant set of motions observed in the MD trajectory for a set of selected atoms 41-44 pca
was carried out on the simulation data using the a-carbon of each of the 532 residues in the
NikR tetramer. This analysis yields 3N total modes, where N is the number of atoms included,
giving a total of 1596 modes. The first mode can be interpreted as the principal axis of the
largest atomic fluctuations represented in the covariance matrix; e.g., the direction of maximum
variation in conformation observed over the course of the molecular simulation. Each
subsequent mode represents the next-largest principal axis of atomic fluctuations orthogonal
to all previous axes. Every PCA mode is also associated with an eigenvalue, this eigenvalue
corresponds to the amplitude of fluctuations along that mode. Therefore each eigenvalue,
divided by the sum of all eigenvalues, represents the relative contribution of a mode to the total
conformational variance observed during the simulation.

To place the apoNikR MD simulation in the context of experimentally determined structural
transitions for E. coli NikR, PCA provided a means to determine whether the observed
equilibrium conformational fluctuations resemble the transformation between apoNikR and
DNA-bound Ni2*NikR. The observed PCA modes, v;, were compared with a “structural change
vector”, Ax, defined by alighing the DNA-bound crystal structure with the minimized apoNikR
structure (e.g., the starting MD conformation described in the Methods and theory section) and
calculating the change in position of each alpha carbon. A “completeness” test was performed
to ascertain if Ax could be adequately described using a subset of the PCA modes as a basis
set (Egs. 3—-6 in Methods and theory). The full basis set of 1596 PCA modes gave high overlap
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(cos 0, Eq. 5) 0f 0.999 and low error of 0.034 (e, Eq. 6) when used to represent the Ax observed
in X-ray studies (see Table 1). From this PCA basis set, a minimal set of modes was identified
that represented the observed displacement between apo and DNA-bound NikR. Table 1 lists
the mode overlaps between Ax and the “top 10” PCA modes based on the magnitude of the
eigenvalues. The first and largest PCA mode accounts for 41.7% of the total motion, but has
only a small overlap (cos(¢) = 0.125) with the observed changes in the X-ray structure. This
largest mode represents an asymmetric twisting of one RHH dimer relative to the rest of the
NikR structure. This twisting motion occurs along the long axis of the NikR molecule. The
second PCA mode accounts for 13.2% of the total motion and has a strong overlap (cos(¢) =
0.811). This second mode is a highly symmetric “flapping” motion of both RHH dimers relative
to the ACT tetramer that clearly resembles the conformational change necessary to transform
the apoNikR crystal structure into the DNA-bound Ni2*NikR structure (see Figure 3).
Together, the first 10 modes account for 81.9% of the total motion. A “reconstructed vector”
that consists of the first 10 modes re-weighted by their respective () also has a high overlap
of 0.932 with Ax. In other words, the conformational fluctuations represented by the first 10
PCA modes can be used to provide a reasonable representation of a conformational change
that is expected to be functionally relevant.

Correlation matrix based residue clustering

An additional set of observables of interest in the simulation includes correlations in the
equilibrium fluctuations of atomic position between sets of residues. A compact representation
of this data is the covariance matrix, which for a chosen set of atoms expresses the variances
(matrix diagonal) and covariances (off-diagonals) in Cartesian coordinates. In 3-dimensional
space, the covariance matrix is 3N x 3N for N selected atoms. The scalar correlation matrix is
instead N x N and simply contains the mean-squared correlations (range —1.0 to 1.0, see Eq.
8 in Methods and theory) between all N atoms in the off-diagonals and 1.0 along the diagonal.
The scalar correlation matrix can be visualized to observe how motions in different regions of
the protein are correlated (see Figure 2). By using the magnitude of the (anti-)correlation of
a-carbons as an effective distance between residues (see Methods and theory) protein residues
were clustered into groups whose motions were correlated with Ni2* and DNA binding site
residues (see Figure 4) where selected clusters are plotted as blocks of color on the NikR
structure (see also Supplementary Material Table S1). Three clusters that connect the Ni2* and
DNA binding sites are shown (red, green, and blue), as well as an additional cluster contained
within one RHH dimer (orange). This analysis allows visualization of dynamic correlations as
structural connections between groups of residues that could be important for NikR activation
upon nickel binding.

Non-covalent contact correlations

One observable that reports on equilibrium conformational fluctuations is the making and
breaking of non-covalent bonds or “contacts” in residue-residue interactions. We hypothesize
that significant correlations between contact fluctuations indicate energetic connections
between regions of the protein that are not apparent from a static structure. Using contact
definitions defined in the Methods and theory section, correlation statistics between all i,j pairs
of contacts were calculated according to the gj; binary correlation measure. By utilizing the
connection between gjj and %2 (see Methods and theory), correlations could be classified as
“significant” at a 95% confidence interval, leading to the discovery of networks of residues
with significantly correlated contacts that connect the Ni2* and DNA binding domains of NikR.
Furthermore, certain residues are categorized as highly connected “hubs” in these networks
(residues marked with a “#” in Table 2).

The clusters selected based on the “depth first” criteria for non-covalent contact correlations
(see Methods and theory) are shown mapped onto the NikR structure in Figure 5. Three key
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regions had a high concentration of these residues (see Figure 5B): helix d (residues 60-65),
the turn into beta strand 5 (residues 118-122), and helix b (residues 27-42). Residues associated
with the selected contacts irrespective of chain ID are mapped onto the structure. These three
regions contain several evolutionarily conserved residues as determined by MSA (see Methods
and theory) and include residues known experimentally to be important for NikR function (see
Table 2). A visual representation of the MSA is included in Figure 8. Several of the non-
covalent contacts that are correlated with Ni2* and DNA-binding site contacts (see Figure 5A)
bridge the 3 regions highlighted in Figure 5B and directly connect these regions to binding site
residues. This is illustrated in Figure 7, where a subset of residues from Table 2 are mapped
onto the NikR structure along with non-covalent contacts selected by our clustering method.
The top ten residues, irrespective of chain ID, that “own” the largest number of contact
correlations in the selected clusters (listed Supporting Information) are marked in Table 2 (**”).
These residues are highly interconnected within the network of contact correlations selected
by our analysis based on binding site residues. All of the residues marked with either “*” or
“#”in Table 2 are included in Figure 7. Through this analysis, specific residue-residue contacts
distributed between the ACT and RHH domains have been identified that connect to both the
Ni2* and DNA binding sites and could be important for allosteric control in NikR.

Discussion

We have used a molecular dynamics simulation, together with new non-covalent contact and
position correlation clustering methods, to investigate the mechanism of allostery in the NikR
protein. Our hypothesis is that the dynamics observed in the apoNikR MD simulation contain
functionally relevant conformational fluctuations. The lack of Ni2* in these simulations
prevents us from drawing detailed conclusions about the specific role of Ni2*as compared to
other transition metal ligands. However, our overall approach and its relevance to NikR
function is supported by comparison of the dominant modes of motion from PCA with the
conformational change necessary to transform the apoNikR crystal structure into the DNA-
bound Ni2*NikR structure. The new contact and position correlation methods are utilized to
find clusters of residues that share similar correlation patterns with Ni2* and DNA binding site
residues. This results in the identification of a network of residue interactions that connect the
two types of NikR binding sites and further highlights individual residues that could be
important allosteric communication links. Several of these residues are evolutionarily
conserved among members of the NikR family; those residues found in the Ni2* binding
domain could represent important control points that are common elements in ACT domain
control of biological activity.

Correlation analysis methodology

While previous investi&ators have considered patterns in correlation matrices obtained from
molecular simulations®>; 46, the methods presented here combine automatic clustering of
residues based on both position and contact correlations with further refinement using
functional information about allosterically-linked sites of the molecule. Inclusion of multiple
functional sites in the cluster selection method can result in relatively large clusters, which
parse the NikR structure into regions that have significant connections manifested by the
observed correlation. While these residue clusters are likely involved in inter-domain
communication, they do not show individual residue interactions that could be important for
the allosteric mechanism. The most significant methodological development in this work is
the analysis of non-covalent contact correlations to measure fluctuations in “interaction space.”
This contact correlation analysis approach provides a more local view of interactions, which
complements the global motions typically identified with PCA or the position clustering
methods described in this manuscript. The interpretation of the results of these position and
contact correlation analyses is based on the hypothesis that such correlations imply structural
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and energetic connections between residues important for changes in NikR conformational
distributions due to Ni2*. This interpretation is supported by the observation that several
identified residues have functional consequences when mutated, appear to be important in the
crystal structure of the NikR-DNA complex, and/or are evolutionarily conserved (see Figure
6 and Table 2). The usefulness of this approach is further supported by a related recent study
of allosteric protein structures which analyzed local changes in contacts to successfully identify
residue interaction networks#”. The residues identified by our method do not provide direct
physical information about the series of events that generate the structural changes in NikR;
however, they do provide a starting point for subsequent experimental and computational
studies designed to specifically determine the pathways for allosteric changes in the protein.

Identification of residues implicated in NikR allostery

We observe groups of non-covalent contact correlations between three regions of the NikR
structure identified in Figure 5 and the Ni2* and DNA binding sites. When taken together with
the domain-spanning clusters identified from the positional correlation matrix, a picture
emerges of a pathway connecting the two functional sites that could transfer energy and
information such as nickel binding site occupancy. This pathway is made up of the residues
listed in Table 2 and mapped on the NikR structure in Figure 7. The pathway includes several
residues with known experimental importance combined with an additional subset that
structurally connects these residues with the Ni2* and DNA binding sites.

The PCA results support the idea that the apoNikR simulation contains functionally relevant
conformational fluctuations by demonstrating that the displacement necessary to go from the
apo to the DNA-bound x-ray crystal structures is well represented by the second PCA mode
and by a weighted combination of the first 10 PCA modes. While the simulation does not
undergo full conformational transitions between states similar to the apo, Ni2* bound, and
Ni2*-DNA bound crystal structures, it does sample local fluctuations that are likely important
to the allosteric transitions. The connection between apoNikR conformational fluctuations and
functionally relevant residue interactions is further borne out by a close inspection of NikR-
DNA interactions from the x-ray crystal structure in Figure 6. In this figure, the labeled protein
residues correspond with the three groups identified in Figure 5 from our non-covalent contact
correlation analyses. All three groups contain residues that make non-specific contacts with
the DNA phosphate backbone. In addition, the residues flanking R119 from one group along
with residues E30 and D34 from another group form the cation-binding site that helps stabilize
the DNA-bound conformationl”. Thus our analyses of equilibrium conformational
fluctuations of the apo structure have identified residues that are apparently important in nickel-
activated DNA binding.

Other studies have introduced the idea of shifting a pre-existing conformational equilibrium
in allosteric systems33_36, including the original Monod, Wyman, and Changeaux model of
protein aIIostery48. The fluctuation-dissipation theorem32 supports the idea that the apo
protein ensemble should include fluctuations that are involved in shifting the conformational
ensemble to the (de)activated state upon ligand binding. More recent experimental24 and
computationalze? 4 studies further support this view of protein allostery. In this study,
correlations between residues resulting from fluctuations in atomic position and non-covalent
contacts are interpreted as reporting on important interactions for the allosteric mechanism of
NikR

The residues in Table 2 and Figure 7 reveal a number of interesting sites for further
experimental analysis. The computational significance column of Table 2 indicates which of
the analyses presented in this study found at least one instance of each residue. Several of the
residues were identified by more than one computational analysis, and those with unknown
experimental significance were included in the table based on being highly interconnected in
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the contact correlation analysis. Those residues marked with *“#” in Table 2 had the largest total
number of significant contact correlations; these can be thought of as “hubs” in the interaction
network that were selected in an unbiased way without assuming knowledge of interactions
that are important for NikR function. The association of hub residues with function in Table 2
suggests that it is possible to apply our contact correlation method without prior knowledge of
important functional sites. The UPGMA clustering method used here does not depend on such
knowledge, and simply provides a hierarchical tree of significant contact correlations, which
can be parsed in a variety of ways. However, because the Ni2* and DNA binding site residues
are known, that information can also be used to select a subset of “important” contact
correlations. The residues marked with “*” in Table 2 had the largest number of these
correlations selected based on the functional criteria described in the Clustering section of
Methods and theory. Residues marked with both “*” and “#” could be particularly important
for transducing the Ni2* binding signal and therefore of significant interest for future
experimental study. Residues that have “unknown” experimental significance in Table 2 have
not yet been tested but are positions at which mutations are predicted to alter NikR function.
The majority of the residues in Table 2 are also conserved or have conservative mutations for
other NikR orthologs with known structures18; 19 A representation of the MSA used to
determine conservation is provided by the sequence logo in Figure 8. The sequence logo shows
that the NikR family has several highly conserved residues. For the purpose of selecting
mutagenesis targets, our MD approach provides additional data to help develop hypotheses for
why residues in different regions of the protein are conserved. The analyses presented here
provide additional rationale for interpreting the effects of NikR mutations.

A subset of the residues from Table 2 are highlighted in Figure 7. Panel A shows a close-up
view of residues that connect the Ni2* binding site with the RHH/ACT domain interface. H76
is a Ni2* binding residue that forms a correlated contact with H62' across the tetrameric
interface. H62' in turn contacts S73 back across the tetrameric interface. S73 isthe i + 4 residue
to S69 along helix C. D63’ is covalently connected to H62' and contacts R65’. R65’ and R65
form non-specific phosphate backbone contacts with DNAL?, and also span the tetrameric
interface to contact S69. In addition, R65 forms a correlated contact with G120, a highly
conserved residue at the RHH/ACT interface. R70 is covalently attached to S69, and forms a
correlated contact with Q118 at the RHH/ACT domain interface. Q118 is also involved in
forming a non-specific cation-binding site that stabilizes the DNA-bound conformationl”. This
network of interactions is likely to be important to communicate the Ni2* binding signal to the
RHH/ACT interface.

Figure 7B depicts the DNA binding site residues colored in red. Residue S29, near the N-
terminus of helix B, contacts residue T7 and could help orient this DNA-binding group. R33
and R37, both near the middle of helix B, also make contacts with either DNA binding residues
or D9and D11, residues at the junction between the DNA-binding p-strands and the N-terminal
end of helix A. On the other face of helix B, D34 and N42 both make contacts that span the
domain interface to H123 and N127, respectively. R22, at the C-terminal end of helix A, also
forms a domain interface spanning contact with D113. E30 forms several contacts over the
course of the simulation that tie together the N-terminal end of helix B with the C-terminal end
of helix A and thus could help transmit effects from the RHH/ACT interface across the RHH
domain to the DNA binding site.

Of the residues identified in this study, contacts at the interface of the ACT and RHH domains
are of obvious interest given the necessary interaction of these domains in Ni2*-induced
conformational change. However, residues within RHH domain helices also merit attention.
Some of the contact correlations include backbone-backbone H-bonds running along helices
Aand B, which might suggest a concerted, rigid body response in transferring the Ni2* binding
status to the DNA-binding interface, and vice versa. Perturbing interactions between residues
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outside the DNA and Ni2* binding sites may therefore uncouple the DNA binding response
under saturating Ni2* conditions. Such perturbations will be the subject of future mutagenesis
studies.

Implications for the ACT domain family

To our knowledge, this study is the first reported atomic-scale MD simulation of a protein
containing an ACT domain. This domain family is found in a variety of contexts with
essentiall¥ no conserved sequence homology between ACT proteins with different
functions'®. However, the extraordinary degree of structural similarity between the regulatory
domains of these proteins leads us to hypothesize that there could be a common regulatory
mechanism of this fold regardless of associated “biological function” domains. A structural
alignment of the ACT domains from E. coli NikR and E. coli D-3-phosphoglycerate
dehydrogenase (PGDH) (data not shown) shows that some experimentally-identified residues
that are important for PGDH function®0-53 align well with residues listed in Table 2.
Therefore, the ACT domain residues identified in this study in the context of NikR function
might also represent key positions for transferring allosteric effects in many ACT domain-
containing systems. Several comparative studies of protein fold families have fruitfully
determined common mechanisms of action and overlapping control points in approximately
congruent structures®4—98, However, in some proteins with similar folds, even those with the
same biological function in different organisms, slight differences in sequence appear to
generate differences in molecular mechanism®%-61, These observations suggest that the
analyses of NikR in this study may be useful for guiding computational and experimental work
in other ACT domain proteins; however, such work should be undertaken with caution and
awareness of the complex relationship between sequence and function.

Methods and theory

Molecular dynamics simulation

The NikR molecular dynamics (MD) simulation utilized the AMBER 8.0 molecular modeling
package40? 62 \yith the £f99 force field®3. The starting structure for simulation was based on
the x-ray crystal structure of the apoNikR tetramer (PDB ID 1Q5V)6 with missing backbone
atoms reconstructed by symmetry between the NikR monomers (generously provided by Eric
Schreiter). The WHAT IF molecular modeling package was used to rebuild missing amino
acid sidechains and eliminate steric overlap through geometry optimization64. The minimized
structure was solvated in a periodic truncated octahedron simulation box of ~28,000 TIP3P
water molecules®®, providing a minimum of 10 A of water between the protein surface and
any periodic box edge. Sodium and chloride ions were added to neutralize the total system and
achieve a salt concentration of ~150 mM (as estimated by the simulation ion mole fraction and
bulk water molarity). AMBER 8.0 was used to first energy-minimize solvent and ions using
5000 steps of steepest descent followed by 5000 steps of conjugate gradient minimization. The
entire system was then energy-minimized using the same procedure. Following minimization,
the entire system was heated in 50 K increments up to 298 K with 10 ps of isobaric-isothermal
(NpT) MD equilibration per temperature step. The production simulation was conducted at
298 K and 1 atm of pressure with the NpT ensemble using the Berendsen thermostat®® with
1.0 ps coupling frequency and the Berendsen barostat®€ with 0.2 ps coupling frequency. The
trajectory was calculated with 2 fs timesteps using SHAKE® constraints on hydrogen-heavy
atom bonds. The total production simulation length is 81.78 ns, of which the first 30.78 ns were
discarded as an “equilibration period”. This extensive relaxation/equilibration period was
necessary due to drift in the potential energy, which correlates with changes in other
observables (see Results for a description of criteria used for equilibration). Snapshots were
retained every 10 ps for analysis.
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Simulation analyses

Equilibration measures—The sander module of AMBER provides energy output in a text
file that was parsed to obtain energies as a function of time. The ptraj module of AMBER 9.0
was used to write out the backbone root mean-squared deviation (RMSD) of atomic position
relative to the starting structure. The DSSP algorithm 39 implemented in the ptraj module of
AMBER 9.0 was used to calculate relative secondary structure content for each snapshot as a
function of time. Energy, RMSD, and secondary structure plots vs. time (see Supplementary
Material) were all generated using the Xmgrace software package
(http://plasma-gate.weizmann.ac.il/Grace/) and used to assess simulation equilibration.

Principal component analysis—As it relates to MD, principal component analysis (PCA)
involves diagonalization of the positional covariance matrix C to identify an orthogonal set of
eigenvectors or “modes” describing directions of maximum variation in the observed
conformational distribution#1~44. The elements of C in Cartesian coordinate space are defined
as follows:

cii=((x; = (x)(x; = <x;))) Eq 1

where x; and x; are atomic coordinates and the (..) denote trajectory averages.

Note that the protein structures from the trajectory are superimposed to a reference structure
to remove overall translational and rotational motion prior to the calculation of C. PCA
diagonalization of the covariance matrix involves the following eigenvalue problem:

Cu@ =@, @

= Eq 2

for the eigenvectors u(® and the eigenvalues A998 As with related methods such as singular
value decompositions69 and isomaps70, one motivation for PCA is to reduce the
dimensionality of the MD trajectory data and provide a concise way to visualize, analyze, and
compare large-scale collective motions observed over the course of the simulation. In
particular, eigenvectors with the largest eigenvalues provide the biggest contributions to the
observed covariance. The “essential modes” from a PCA analysis are usually a selection of
these eigenvectors and associated eigenvalues that collectively account for a large percentage
of the total observed motion58.

In this work, PCA modes are leveraged to identify large-scale apoNikR motions which are
similar to structural transitions between the available NikR crystal structures. The PCA modes
can be defined as displacement vectors from the average structure for the MD simulation. PCA
for o carbons was carried out using the ptraj module of Amber 9.040, Using MATLAB 7.4
(The MathWorks, Natick, MA, USA), PCA modes (v;) were compared with a vector ( Ax )
describing the displacement of o carbon atoms from the minimized starting apoNikR structure
(e.g., PDB entry 1Q5V6 with missing atoms built in) to the DNA-bound NiZ*NikR structure
determined by x-ray crystallography. This vector was calculated following alignment of the
minimized and crystal structures with the MD average structure to remove rotation and
translation of the center of mass. We began by determining whether or not Ax can be reasonably
represented in the vector space described by various subsets of PCA modes. This is
accomplished by calculating the weight factor (a(V) for each PCA mode as follows:

o= vi - Ax

- 2
[vill® Eq 3

and subsequently using a subset S of modes to calculate a reconstructed vector ( V) as follows:

5= oty

i€S Eq 4
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The similarity between Ax and each PCA mode (v; or V) is calculated by their overlap as
measured by the angle between the two vectors:

COS(H)—&
‘ (VI - A Eq 5

Furthermore, the relative error in the reconstructed vectors can be computed as:
_lAx= vl
[lAX| Eq6

This error simply provides a measure of how well the displacement due to the recalculated
vector recapitulates the observed crystallographic Ax and thus allows us to assess the number
of modes required to accurately represent the conformational change.

Clustering—To define groups of residues with similar correlation patterns, an “unweighted
pair group method with arithmetic mean” (UPGMA) clustering algorithm was used 7172 19
do this, an effective “distance™ djj between contacts/residues i and j was defined based on a
correlation measure, cjj, as follows:

= Jio-¢&
dij= 10— ¢} £ 7

These distances between contacts/residues represent the strength of the relationship between
them, with the “closest™ contacts/residues having the largest magnitude correlations. In this
work, we use this methodology for both the correlation matrix of atomic positions and non-
covalent contacts (see below). With an effective distance defined between all contacts/residues,
it is possible to cluster them using a hierarchical agglomerative approach such as
UPGMA'L. This method yields a “tree-like” representation of correlated residues in which
individual residues are the “leaves” and clusters of residues are defined by different branch
points in the tree at different “tree heights.” With this type of data representation, one must
select a level of the tree hierarchy for defining clusters of residues (see below).

UPGMA clustering “depth first” selection: After clustering, functional selection criteria
were applied to identify clusters containing a network of contacts/residues known to be
important for NikR function. In particular, the smallest clusters containing at least one contact/
residue from the Ni2* binding site (His76, His87, His89, Cys95) and at least one sequence
specific contact/residue from the DNA binding site (Arg3, Thr5, or Thr7). This cluster selection
step is considered “depth first” and selects clusters that have the strongest relationship among
members while still maintaining at least one contact/residue from each of the Ni2* and DNA
binding sites, in contrast to a “breadth first” selection that requires all Ni?* and DNA binding
site contacts/residues are included. The “depth first” approach selects a subset of total contacts/
residues that have the strongest relationship with binding site contacts, producing a subset of
NikR residues that form our selected groups of contacts/residues, which indicates positions in
the structure that are likely involved in a communication network between the Ni2* and DNA
binding sites. Functional information plays an important role in these cluster definitions.
However, as described in the Results section, it is also possible to use our correlation analysis
to identify “highly connected” residues without the need for functional information.

UPGMA clustering “completion” step for cluster selection: An additional step of cluster
selection was used when clustering residues based on the correlation matrix (see below) to
ensure that all Ni%* and DNA binding residues were accounted for. Upon identification of the
initial domain-spanning clusters by the “depth first” approach, the largest clusters that
contained at least one Ni2* or one DNA binding site residue and no residues that had been
found in the “depth first” step were then identified. This accounts for the remaining binding
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site residues at the same level in the tree hierarchy as the clusters identified in the “depth first”
cluster selection step described above.

Correlations in atomic position—The scalar correlation matrix was calculated across all
a-carbons of the NikR tetramer using the ptraj module of AMBER 9. 040, The elements of this
matrix, sj;, assign a value between —1.0 and 1.0 that indicates the degree to which the
fluctuations of atom i are correlated with those of atom j over the course of the MD trajectory
according to the following equation73

<Ar,‘ . Arj)

v Ar - ArY(Br - Aryy

Eq 8

where Arj and Arj are the displacement vectors for atoms i and j and the <...> denote trajectory
averages.

Correlation patterns apparent in this matrix were analyzed (see Figure 2) to define groups of
NikR residues with similar correlation patterns. This grouping utilized the UPGMA clustering
algorithm described above including the “depth first” selection criteria and the “completion”
step. The residues included in each cluster are listed in Table S1 of Supporting Information.

Correlations in non-covalent contacts—Non-covalent contacts, including hydrogen
bonds and salt-bridges, were analyzed for correlations to help identify the residues involved
in potential communication networks connecting the Ni2* binding sites to the DNA-binding
domains. Nonpolar contacts were omitted from the correlation analysis for two major reasons.
First, one of the goals of this study is to suggest positions for mutagenesis; alteration of a
nonpolar contact is often more likely to adversely affect protein stability. Second, nonpolar
contacts are more humerous throughout the protein structure and therefore more difficult to
uniquely define as binary variables for correlation purposes. Individual contacts were treated
as binary variables that were either “on” or “off” for each snapshot from the apoNikR MD
trajecto I A useful measure of correlation between binary variables is the ¢ correlation
metric’4, a binary variant of the standard Pearson correlation’®. The @ correlation can range
between —1.0 and +1.0, indicating complete negative and positive correlation, respectively. A
¢ value of 0.0 indicates lack of correlation. The calculation of ¢ values for all possible pairs
of non-covalent contacts across the NikR MD trajectory proceeded as follows:

1. Alist of observed contacts was generated for each MD snapshot using the program
PDB2PQR (http://pdb2pgr.sourceforge. net/) . For hydrogen bonds, lists of H-bond
donor (D) and acceptor (A) heavy atoms were deflned based the following criteria:
D to A distance <3.4 A and the A-H-D angle <30°7. For salt bridges, both positively
and negatively charged heavy atoms were defined by considering amino acid
sidechains that carry a formal charge. Salt-bridges were then assigned whenever both
a positively charged atom and a negatively charged atom were <4.0 A78, To remove
redundancy in counting multiple interactions between residues, contacts were defined
and counted as sidechain-sidechain, sidechain-backbone, or backbone-backbone.
Contact lists for each snapshot only allowed one instance of each type of contact
between any 2 residues within each snapshot.

2. The contact lists for all snapshots were parsed in order to populate the contact
occupancy matrix B, an N x N matrix where N is the total number of unique contacts
observed throughout the entire simulation. The diagonal of B stores the total number
of snapshots in which each contact is observed, and the i,j off-diagonal elements store
the total number of snapshots in which both contacts i and j were observed.

3. For each i,j contact pair, the following frequencies were calculated using B: ngg, the
number of times both contact i and j were “off”; nyo, the number of times contact i

J Mol Biol. Author manuscript; available in PMC 2009 May 16.


http://pdb2pqr.sourceforge.net/

1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 13

was “on” while contact j was “off”; ngy, the number of times contact i was “off” while
contact j was “on”; ny1, the number of times both contacts i and j were “on”. Given
these frequencies, the gjj correlation value was calculated from74:

o (noon11 — niono1)
=
V(noo+n10)(noo+no1)(n11+n10)(ni1+no1) Eq 9

The significance of a correlation value is generally dependent on the number of independent
observations. Inthe case of ¢ correlation, there isa simple relationship that provides an effective
chi-squared value for significance74:

x’=¢°N Eq 10

where N is the number of independent data observations used to compute the correlation.
Because MD snapshots are intrinsically correlated over varying time scales depending on the
observable of interest, N was estimated separately for each i,j pair of observed contacts. The
number of times that each contact was both made and broken over the course of the simulation
(representing the number of “on” and *“off” states) was defined as n;, and used in the following
equation:

N=min(n;,n;)

For this definition of N, the ¥2 value should depend on the number of independent states
observed for the variable of interest. In the current work, we approximate the number of
independent states by the number of times a non-covalent contact is made or broken. The ¢

2
correlations between i,j pairs were considered significant when Xij is greater than or equal to
the threshold value for the 95% confidence interval using 1 degree of freedom for the binary
nature of the data 74 79.

The set of statistically significant contact correlations gives a large data set with 91,934
elements for the 532 residue NikR tetramer. To parse these data and find correlations that may
be important for NikR function, the contact correlation data were used as input for the UPGMA
clustering algorithm described above. Only the “depth first” cluster selection step was used
here. This cluster selection finds a smaller number of total contacts, which have the strongest
relationship with binding site contacts. A subset of NikR residues form our selected groups of
contacts (see Figure 5 and Table S2 in Supplementary Material) and are likely involved in a
communication network between the Ni2* and DNA binding sites.

Multiple sequence alignment and positional conservation

The E. coli NikR sequence (FASTA sequence from PDB ID 1Q5V) was used as the input for
the NCBI BLASTP server (http://www.ncbi.nlm.nih.gov/blast/)go. The search was performed
against the non-redundant database with default parameters except that sequences with an E-
value less than 1.0 were retained. A multiple sequence alignment (MSA) was constructed using
CLUSTALW 1.8181 with the BLOSUM substitution matrix series and otherwise all default
parameters. This alignment was hand-pruned to remove sequences that were significantly
shorter than E. coli NikR or that introduced large gaps into the alignment. The resulting
sequences were re-aligned with CLUSTALW. Sequences were removed from this alignment
if they did not have the His76, His87, His89, and Cys95 (E. coli NikR numbering) Ni2* binding
residues. The remaining sequences were re-aligned as above and the resulting MSA was further
pruned such that no pair of sequences was greater than 80% identical, followed by an additional
realignment. This process yielded a final MSA containing 82 sequences with an average
sequence identity of 30.3%. The final MSA was used as input for the web-based Scorecons
program (http://www.ebi.ac.uk/thornton-srv/da’[abases/cgi-bin/valdar/scorecons_s;erver.pI)82
to calculate the positional conservation score for each position in the MSA. The valdar01
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scoring method was used with the BLOSUM45 substitution matrix. The positional sequence
conservation values are reported in parentheses in Table 2 under the “Sequence Conservation”
heading. Each position was then assigned a “high” (> 0.6), “moderate” (0.45 — 0.59), or
“low” (<0.44) level of sequence conservation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ACT domain

Figure 1.

Comparison of apo and Ni2*DNA-bound NikR x-ray crystal structures. Apo structure was
generated from PDB ID 1Q5V with missing atoms built in and energy minimized. Ni2*DNA-
bound NikR is from PDB ID 2HZV. Protein chains are in “new cartoon” rendering and colored
cyan, blue, tan, and silver. Ni2* binding site residue positions (His76, His87, His89, Cys95)
are colored red. DNA double helix backbone is outlined in “tube” rendering and colored red
while nucleotides are in “bond” rendering and colored by atom name. Ni2* atoms are shown
as green spheres. K* atoms are shown as orange spheres. All molecular images generated using
VMD 1.8.6 (Humphrey et al., 1996).
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Residue

Figure 2.

Ca correlation matrices. Last 71 ns (A) and last 51 ns (B). The data from the matrix that includes
earlier non-equilibrated structural change has systematically larger (anti-)correlations within
2 of the 4 subunits. Figure generated using MATLAB 7.4 ((The MathWorks, Natick, MA,
USA).
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Figure 3.

X-ray crystal structure and PCA mode displacement visualizations. A. The minimized starting
structure is shown in tube representation colored by chain. The blue “porcupine needles” 35
indicate the direction of displacement in going from the apo to the DNA-bound Ni2*NikR
crystal structure, denoted as Ax in the text. B. The MD average structure from the last 51 ns is
shown in tube representation colored by chain. The blue “porcupine needles” indicate the
direction of displacement based upon the 24 PCA mode, which has the highest overlap with
AX.
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Figure 4.

Residue clusters based on the correlation matrix. Clusters generated using the UPGMA
algorithm were selected based on including either/both Ni2* and DNA binding site residues.
These clusters imply groups of residues with concerted conformational fluctuations that could
be important for inter-domain communication. Different clusters are indicated by color, except
cyan, which indicates residues not found in the selected clusters.
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Figure 5.

Protein regions identified by non-covalent contact correlations. A. Residues colored blue were
selected using the UPGMA clustering criteria of finding the smallest clusters that include both
Ni2* and DNA binding site residues. The non-covalent contacts selected by this method are
shown in red dashes. B. Color same as A, except residues are colored based on residue number
irrespective of chain, thereby emphasizing the symmetry of the tetramer. The nickel binding
residues are colored red (only His76, His87, and Cys95 were found in the UPGMA clusters).
The remaining nickel binding residue, His89, is colored yellow. The three green ovals each
highlight one example of the three regions with a concentration of correlated contacts: i. Helix
B (residues 27-31, 33, 34, 37 t0 48), ii. the end of helix D and turn leading into strand 5 (residues
117-123), iii. end of strand 2 and Helix C (residues 62—-66 and 68-80).
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Figure 6.

Cl%se-up view of NikR-DNA interactions from the crystal structure (PDB ID 2HZV17).
Protein chains are in “cartoon” rendering and colored red, tan, and green. Ni2* atoms are shown
as cyan spheres while K* is shown in pink. The DNA backbone is outlined in “tube” rendering
and colored tan while nucleotides are in “bond” rendering and colored by atom type. Protein
side-chains for residues 63-66 are in “bond” rendering and colored by atom type while residues
30, 33, 34 and 118-122 are in “CPK” rendering and colored by atom type. The labeled protein
residues correspond with the three groups identified in Figure 5 from MD analysis of apoNikR
conformational dynamics. All three regions contain residues that make non-specific contacts
with the DNA phosphate backbone. In addition the residues flanking R119 from one region
along with residues E30 and D34 from another region form the cation-binding site that
apparently helps stabilize the DNA-bound conformation.
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Figure 7.

This figure shows subsets of residues from Table 2 mapped onto the NikR structure: (A)
residues that connect the Ni2* binding site to the RHH/ACT interface and (B) the RHH domain
and RHH/ACT interface. Individual protein chains are colored grey, orange, tan, and blue.
NiZ* binding residues are colored green; residues that make sequence-specific DNA contacts
are colored red. Red dashes indicate correlated non-covalent contacts selected by UPGMA
clustering (see Methods and Theory). Selected residues are shown in CPK rendering and
labeled by residue type/number.
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Table 2

Residue Experimental Significance (references) Computational Significance Sequence Conservation|
Arg3 Specific DNA binding (1) AB High (0.83)
Thrs Specific DNA binding (2) B High (0.62)
Thr7 Specific DNA binding (2) AB. High (0.81)
Asp9 Unknown A.B.# Moderate (0.58)

Arg22 Unknown AB,” Moderate (0.45)
Asn27 Non-specific DNA contact (2) AB Moderate (0.64)
Arg28 Non-specific DNA contact (2) AB High (1.00)
Ser29 Non-specific DNA contact (2) AB. High (1.00)
Glu30 Low-affinity metal site (2,3) AB High (0.81)
Arg33 Non-specific DNA contact (2) AB High (0.87)
Asp34 Low-affinity metal site (2,3) AB Moderate (0.71)
Arg37 Unknown AB7 High (0.85)
GIn42 Unknown A.B.* Low (0.41)
Tyr58 Ni%* site H-bond network (4) B High (0.60)
Tyré0 Close proximity to Ni%* site (4) AB High (0.86)
His62 Close proximity to Ni%* site (4) AB. # High (0.83)
Lys64 Non-specific DNA contact (2) AB Low (0.38)
Arg65 Non-specific DNA contact (2) A.B.* Moderate (0.52)
Ser69 Unknown AB. Moderate (0.51)
GIn75 Ni%* site H-bond network (4) AB High (0.74)
His76 High-affinity Ni** binding site (4) AB. High (1.00)
His87 High-affinity Ni** binding site (4) AB High (1.00)
His89 High-affinity Ni** binding site (4) B High (1.00)
Cys95 High-affinity Ni** binding site (4) AB High (1.00)
Glug7 Reduced Ni?* and DNA binding upon mutation (5) AB High (0.98)

GIn109 Unknown AB. Moderate (0.49)

Asplld Unknown A.B.* Moderate (0.47)
1lel116 Low-affinity metal site (2,3) B Low (0.39)

GIn118 Low-affinity metal site (2,3) AB Moderate (0.45)

Arg119 Non-specific DNA contact (2) AB High (0.62)

Val121 Low-affinity metal site (2.3) AB High (0.82)

*
, top 10 residues in number of contact correlations within the selected clusters;

Page 28

NikR residues selected from computational analyses. Computational significance denoted by: A, contact correlation
clusters that include Ni2* and DNA binding site residues; B, domain-spanning correlation matrix clusters;

#top 4 residues in total number of significant contact correlations. Sequence conservation is denoted by position conservation scores from the Scorecons
given in parentheses (see Methods section). Experimental references in table are: (1) Chivers and Sauer, 1999; (2) Schreiter et. al. 2006; (3) Chivers and
Tahirov, 2005; (4) Schreiter et. al. 2003; (5) Carrington et. al. 2003. Those residues with “unknown” experimental significance have not yet been tested
and represent positions for which mutation is predicted to alter NikR function.
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