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Abstract

Members of the histone-like structuring protein (H-NS) family play roles both as
architectural proteins and as modulators of gene expression in Gram-negative bacteria. The
H-NS protein participates in modulatory processes that respond to environmental changes in
osmolarity, pH or temperature. H-NS oligomerization is essential for its activity. Structural
models from different truncated forms are available. However, high-resolution structural
details of full-length protein H-NS and its DNA bound state have largely remained elusive.
We report on progress to characterize the biologically active H-NS oligomers using solid-
state NMR spectroscopy (ssNMR). We have compared uniformly (’C,"”N)-labeled ssNMR
preparations of the isolated N-terminal region (H-NS 1-47) and full-length H-NS (H-NS 1-
137). In both cases, we obtained ssNMR spectra of good quality and characteristic of well-
folded proteins. Analysis of two- and three-dimensional (°C,”C) and (°N,”C) correlation
experiments conducted at high field led to assignments of residues located in different
topological regions of the free full-length H-NS protein. These findings confirm that the
structure of the (N-terminal) dimerization domain is conserved in the oligomeric full-length
protein. Small changes in the dimerization interface suggested by localized chemical shift

variations between solution and solid-state spectra may be relevant for DNA recoginition.

Database. Structural data are available in the BioMagResBank database (BMRB;

http://www.bmrb.wisc.edu) under the accession number 18814.

Keywords: chromatin, H-NS, sequential assignment, solid-state NMR.
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Introduction

The chromosomal DNA of bacteria is folded into a compact nucleoid body that is constantly
remodeled in response to environmental signals. The folding is attributed in part to
interactions with abundant nucleoid-associated proteins (NAPs), such as DNA bridging
proteins. As with eukaryotic DNA, gene compaction via protein condensation and changes in
accessibility to promoter regions provide general mechanisms to control gene expression
within the bacterial nucleoid. The histone-like nucleoid structuring protein (H-NS) is a highly
abundant and ubiquitous DNA-binding protein of 15.4 kDa that plays essential roles in the
organization [1] and the compaction of bacterial chromatin. H-NS acts as a global regulator
of gene expression, including laterally acquired genes [2-4] and those involved in bacterial
adaptation to environmental changes [5, 6] and plays important roles in bacterial physiology
and virulence. H-NS consists of an N-terminal oligomerization domain (residues 1-82) and a
C-terminal DNA binding domain (residues 95-137), functionally independent and linked by a
flexible connection allowing for fast local molecular motions. Although the molecular basis
of H-NS activity is not fully understood, the oligomerization of the protein is crucial for its
biological activity. Local DNA recognition by the C-terminal domain involves indirect
readout of DNA minor groove distortions [7]. The weak affinity of individual domains is
compensated by cooperative binding of H-NS oligomers. Simultaneous reading of properly
positioned neighbour DNA regions requires complementary geometries of DNA and H-NS
oligomers and the modulation of the oligomerization process may provide a mechanism to
increase its affinity. Oligomerization can induce higher order structures by promoting the
formation of loops or stiffening of DNA [8-10]. Similar mechanisms have been observed for
structurally distinct proteins sharing similar functions in mycobacteria and pseudomonas [11,

12]. Considerable efforts have been made during the last decades to unravel the structure and
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roles of H-NS proteins at the atomic level. Structural models for H-NS oligomerization and
DNA binding have been determined for different organisms using solution-state NMR
spectroscopy and X-ray crystallography on truncated versions of H-NS (Salmonella
typhimurium, residues 2-58 [13], 2-65 [14], 1-83 [15] and 91-137[16]; Escherichia coli,
residues 2-47 [17] and 91-137 [18]; and Vibrio cholerae, residues 2-51 [19]). The structure of
the highly homologous C-terminal domain of Ler in complex with a 15mer DNA duplex has
been recently solved [7]. However, the structural characterization of the full-length H-NS
proteins still remains elusive due to the large size of self-assembled H-NS complexes and
their intrinsic flexibility.

Solid-state NMR (ssNMR) under Magic Angle Spinning (MAS) [20] conditions has
made considerable progress in the structural study of proteins in the context of amyloid
formation or when associated with membranes. So far, only few studies have been reported
on protein systems known to interact with DNA or RNA. Quadrupolar ssNMR was used on a
minimal DNA Binding Domain of Human Nucleotide Excision Repair Protein XPA [21] and
ssNMR probed protein structure and dynamics Pf1 bacteriophage [22]. In the following we
show that high-resolution sSNMR spectra can be obtained from full length H-NS and partially
assigned, providing atomic resolution probes located in different important regions of the
protein sequence. These results highlight the hinge role of the N-terminal dimerization
domain and suggest that interactions in this region may modify the geometry of the resulting
oligomers. The results reported herein open the way for structural studies of different proteins

of the H-NS family and their interaction with other proteins or DNA.
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Results

2D and 3D ssNMR correlation experiments on self-assembled H-NS oligomers

Fig. 1 displays two-dimensional proton-driven “C-"C spin-diffusion (top) and NCACX
(bottom) spectra obtained on functionally active oligomers of the full-length (U-"C,”N)-
labeled H-NS protein from E. coli. In addition, a 2D NCOCX spectrum is given in supporting
information (Supplementary Information, Fig. S1). The spectral resolution is given by "“C
and "N linewidths of 0.9 and 1.6 ppm respectively, and compares favorably to ssNMR data
obtained on microcrystalline globular proteins [23, 24]. Whilst the spectral resolution is high,
significant spectral overlap due to the predominantly a-helical nature of the protein and the
high occurrence of particular amino-acid types (especially Ser, Ala, Arg, Glu, Leu, Lys and
Val) complicate the assignment process. In this context, we complemented our data with a
series of 2D ssNMR experiments on (U-""C,"”N)-labeled H-NS (1-47), a truncated form of the
H-NS protein corresponding to the minimal dimerization domain of H-NS [17]. This sample
is likely to facilitate the assignment procedure since up to 83 % of the most abundant and
spectrally overlapped amino-acid types (Ser, Ala, Arg, Glu, Leu, Lys and Val) from the full
length H-NS protein are removed. Fig. 2A displays an overlay between the two-dimensional
proton-driven C-"C spin-diffusion correlation spectra of (U-">C,"”N)-labeled full-length H-
NS and its truncated variant H-NS 1-47 obtained under identical measurement conditions.
Interestingly, both preparations exhibit similar spectral resolution for isolated resonances
indicating a comparable structural order between the self-assembled full-length protein and
the isolated N-terminal dimerization domain. In addition, the intraresidue CC correlation
pattern of H-NS 1-47, which dominates the proton-driven “C-"C spin-diffusion spectrum
acquired with short mixing time, is largely conserved within the full-length H-NS spectrum

(Supplementary Information, Fig. S2). For the full-length H-NS preparation, we identified
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C spin-systems of all Thr (Fig. 2A, I to IX) and Pro (Fig. 2A, X to XII) residues, which are
well distributed within the protein sequence (Fig. 2B). According the standard amino acid-
specific peak positions and chemical-shift dispersion of individual Ca and Cf3 resonances, H-
NS exhibits rigid protein segments within o-helical and 3-sheet secondary structure elements
as well as in unstructured protein regions, in accordance with the expected topological profile
(Fig. 2B). Interestingly, both cross-peak position and relative intensity of Thr I, II and III
from the N-terminal domain are well preserved in both preparations. Only subtle chemical
shift variations are observed for backbone resonances of Ser residues that are located at the
N- and C-terminus ends of the H-NS 1-47 construct. Altogether, these observations strongly
suggest that H-NS is well folded in both preparations and that the global fold of the N-
terminal domain of the full-length H-NS is largely conserved within the truncated form.

Because of the favorable spectroscopic dispersion for certain residue types (such as Thr
and Pro) and the large spectral similarities between the full-length and the truncated H-NS
protein preparations, we could subsequently perform a residue-specific analysis of H-NS by
using a strategy consisting in 3 steps. First we determined sequential resonance assignments
for the H-NS 1-47 sample in spectroscopically favorable regions. Second, comparison to the
same spectral regions in datasets obtained for full-length H-NS served to obtain tentative
assignments for the same residues in the full construct. Finally, correlations were cross-
validated using additional 2D and 3D datasets of (U-""C,”N)-labeled full-length H-NS and
extended to residues located in other topological regions of the protein.

Fig. 3 shows an example of the sequential assignment process performed on the (U-
C,"”N)-labeled H-NS 1-47 using a combination of two-dimensional “C-"C and “N-"C
ssSNMR correlation spectra. The 2D PDSD experiment conducted under weak-coupling
conditions [25] using long mixing time revealed a variety of sequential connectivities,

particularly apparent in the spectral region between 45 and 70 ppm where only intra-residue
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correlations for Ser, Thr and Pro residues are possible (Fig. 3A). In addition, a 2D NCACX
(Fig. 3B) and NCOCX (Fig. 3C) spectra were recorded to cross-validate sequential
information using "N-"C type correlations and obtain assignments of higher reliability. In
such experiments, the discrimination between intra- and inter-residue cross-peaks is realized
by use of SPECIFIC CP [26] transfers, where "N-"Ca, or "N-"C’_, connectivities are
specifically established. Magnetization transfer along the carbon sidechain were obtained by
adding a PARIS [27] or MIRROR [28] irradiation schemes as mixing after the SPECIFIC
CP, which result in "N~"Ca,—"Caliph, (NCACX) or "N-"C’,,-"Ca,, (NCOCX) type
correlations, respectively. Using this strategy, sequential assignments could be obtained for
33 (70 %) of the 47 residues of H-NS N-terminus domain. Missing assignments correspond
to Glu/Arg clusters of up to 6 residues, for which C and "°N resonance frequencies exhibited
spectral overlap.

Data from 2D "C-"°C and "N-"C correlation experiments obtained on truncated H-NS
were compared and combined with those obtained on full-length H-NS sample to derive
sequential resonance assignments for H-NS dimerization domain (1-47). In addition, a 3D
NCOCX experiment was performed on the full-length (U-">C,”N) H-NS sample to resolve
sequential “"N-""C-correlation information in an additional dimension and to complete a
formal backbone walk. Fig. 4A displays selected strips extracted from the 3D NCOCX
spectrum, showing sequential ’N;-"°C, , correlations for residues in the N-terminus domain of
full-length H-NS. Approximatively, 25% of backbone resonance arising from the N-terminal
domain could be confirmed from this experiment. Further attempts to extend backbone
sequential walks were hampered by a significant overlap of "’N resonances in the region 116-
119 ppm (Fig. 4A). Nevertheless, the comparison between 2D proton-driven “C-"C spin-
diffusion correlation spectra of truncated and full-length (U-"C,”N)-labeled H-NS

preparations allowed for the identification of residues from other topological regions of the
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protein. In particular, the Pro residues are absent from the N-terminal domain and exhibit
well-dispersed and isolated Ca-Cd correlations that constitute valuable starting points for
sequential walk within the linker and the C-terminus domain. Using sequential CC
connectivities arising in the 2D proton-driven “C-"°C spin-diffusion correlation spectrum of
H-NS at long mixing time, we could identify signals of Pro72, Pro94, Proll6 and
neighboring residues. An example of sequential assignment from the region around Pro72 is
given in Fig. 4B. Altogether, ssSNMR assignments could be obtained for 46 (33%) of all 137
residues of full-length H-NS, encompassing the N-terminus dimerization domain, the second
dimerization site contributing to oligomer formation, the linker region connecting the
oligomerization and DNA binding domains, and the C-terminus DNA-binding region.

Assigned residues are indicated in Fig. 1 and listed in Supplementary Information, Table S1.

Structural analysis

Using residue-specific ssNMR assignments, we determined secondary chemical shifts that
reflect the conformation-dependent chemical shift of Ca and Cf} resonances of H-NS and
related the experimentally observed carbon chemical shifts under MAS conditions to standard

isotropic random coil values (BioMagResBank, http://www.bmrb.wisc.edu), as described

previously [29]. Using these experimental values, we could identify characteristic helical and
non-helical stretches within self-assembled full-length H-NS protein. Fig. SA shows ssNMR
secondary chemical shifts as bars, where positive values correspond to a-helical secondary
structure. We subsequently compared their distribution with those identified in high-
resolution three-dimensional structures of truncated H-NS variants (Fig. 5B). Helical regions
as revealed from our data are shown with horizontal bars (filled rectangles) at the top, while
secondary structures elements found in the solution NMR structures of E. coli H-NS 2-47

[17], 2-58 [13], 91-137 [18] and in the crystal structure of mutated S. typhymurium H-NS 1-



83 [15] are indicated as references at the bottom (open rectangles). In the dimerization
domain of H-NS (residue 1 to 47), we found a-helical structures in the regions between
residues Glu3-Leu8, Ile11-Cys21, Leu23-Glu27 and Glu34-Asn38. Although not complete,
secondary chemical shifts computed from our ssNMR analysis are in very good agreement to
helical segments found in high-resolution structures of truncated H-NS proteins. The helical
boundary regions between helices 1 and 2 are well defined by our data and indicate that Asn9
and Asnl0 form a short and unstructured segment linking the two helices. Thr22 does not
present chemical shifts typical of a helical structure and marks the boundary between helices
2 and 3. Regarding helix 3, if continuity is assumed between E28 and L33 residues, ssNMR
and solution NMR data are in good agreement since both are consistent with a a-helix
covering at least residue 23 to 46. In the linker region, ssSNMR secondary chemical shifts
indicate the presence of a turn (Asp67 and Gly68) followed by an additional helical segment
from residues Ile70 to Glu74 in the full-length H-NS. Whilst we cannot infer the continuity
of this a-helical segment due to missing assignments, this conformation closely mirrors the
second site of dimerization seen in the crystal structure of the truncated H-NS 1-83 protein
that is formed by a helix-turn-helix motif between residues 57 and 83 [15]. In the DNA
binding domain, we found random coil chemical shifts for residues Pro94, Thr115 and
Prol16 and a strong o-helical secondary chemical shift for Alal17, in agreement with the
solution NMR structure of the isolated H-NS C-terminus domain (residues 91-137) [16, 18,
30]. Even without sequential assignment, additional structural information can be obtained
from the amino-acid specific analysis of H-NS ssSNMR spectra within well-dispersed spectral
regions. In particular, the analysis of the intraresidue “C-"C correlation patterns of
threonines, which are readily visible in the 2D PDSD spectrum of H-NS 1-137 (Figure 6A,
left), offers a means to probe secondary structure elements within uncharacterized protein

regions, including the short linker region connecting the oligomerization (1-82) and DNA-



binding (95-137) domains which remains structurally elusive. Experimental secondary
chemical shifts of all threonine residues are presented as bars in Figure 6A (middle), with
corresponding sequential assignement when available. Positive values of AOC’ and ASCa
indicate helical secondary structure, whereas negative values are characteristic of -sheet
protein segment. Conversely, negative and positive values of AOCf} indicate a-helical and [3-
sheet elements, respectively. Among unassigned threonine residues, Thr residue V exhibits
negative values AdCa and positive values for AOCP that typify P-sheet protein segments.
Thr IV and VIII exhibit AOCa and AGC values of the same sign, which may correspond to
unstructured regions. Different secondary structure predictions based on different nuclei are
also found for Thr VI. However in this case, large negative AOC’ and ASCa and a small
value of AOCP would be compatible with a -sheet environment. Thr IX shows polymorphic
character with two populations characterized by o-helix like secondary "“Co and "“Cf
chemical shifts. (Fig. 6A, left). Overall, these data are consistent with the topological model
of H-NS that emerges from available high-resolution structural data (Fig. 6B): 2 Thr in f3-
sheet conformation (Thr106 and Thr108), 4 Thr in random coil conformation (Thr22, Thr86,
Thr110 and Thr115) and 3 Thr in a-helical secondary structure (Thr13, Thr25 and Thr55).
Since Thr13 and Thr25 could be assigned independently, Thr IX is therefore tentatively
assigned to Thr55 that is located in a—helical region next to the second dimerization site of
H-NS and appears in two different environments in the solid-state samples suggesting
structural heterogeneity. Thr V and Thr VI could be assigned to Thr106 and Thr108 that are
located in the DNA binding domain (-sheets. Finally, Thr IV and Thr VIII that give intense
and well-resolved Ca-CP cross-peaks and display random-coil ’C chemical shifts may
correspond to Thr86 located in the so far structurally elusive linker region and Thr110 from
the DNA binding domain. Thr110 indeed belongs to a previously identified loop region in the

DNA binding domain [16,18]. To complement our analysis data, we measured and compared
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the relative intensity of Thr Ca/Cf cross-peaks (Fig. 6A, right). We observed a sizable and
homogeneous attenuation in NMR signal intensity for Thr V, VI, and Thr115, located in the
C-terminus regions as compared to Thr13, Thr25 and Thr22 located in the oligomerization N-
terminus domain of H-NS. The low intensity of Thr IX (Thr55) arises from signal duplication
(Fig. 6C). Residue Thr IV exhibits similar peak intensity to residues located in the first
dimerization site e.g. Thr13, Thr25 and Thr VIII has intensity comparable to residues located
in the DNA binding domain. We thus speculate that Thr VIII corresponds to residue 110 and
Thr IV to residue 86 in the linker region.

To better define the differences between our data and available structural information
obtained on truncated H-NS constructs, we next performed a comparative analysis in
reference to experimental Ca solution NMR chemical shifts. Solution NMR chemical shifts
of H-NS 1-47 were measured and assigned independently by using a standard set of double
and triple resonance experiments on the (U-"C,”N)-labeled construct. (Supplementary
Information, Table S2). Those of the H-NS 2-58 construct were obtained from
BioMagResBank (BMRB 5390). The results are shown as a bar plot of Ca secondary
chemical shifts for the different datasets (Supplementary Information, Fig. S3) and as a color
code of Ca chemical shift differences mapped onto the structural model of HNS 2-47 (Fig.
7A). Residues colored in red exhibit Ca chemical shifts changes greater than 2 ppm when
comparing solution NMR shifts. Not surprisingly, the best overall agreement is obtained
when exactly the same molecule (H-NS 1-47) is measured in solution and solid state.
However, significant chemical shift deviations are observed in all cases for residues Ile7 and
Leu8 in helix 1, Argl9 and Glu20 as part of helix 2 and Glu34 located in helix 3. These
residues are situated close to the loops connecting the three helical segments in each
momomer or at the dimer interface, involving notably helix 3. In the antiparallel topology

observed either by solution NMR or by crystallography in most of the constructs, the regions
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of maximum chemical shift changes suggest hinge points in the N-terminal dimerization

domain. The possible structural implications are discussed below.

Discussion

In this study, we have provided first structural information of functional and self-assembled
variants of full-length H-NS proteins from E. coli. We reported de novo ssNMR assignments
for 33 % of the residues of the entire protein and 70% of the N-terminal dimerization domain,
which were obtained by using different protein constructs and a complete set of
multidimensional ssSNMR pulse sequences. Taken together our ssNMR analysis, albeit based
on incomplete sequential assignments at this point, suggests that earlier structural evidence
obtained on shorter H-NS contructs is also valid in the full-length H-NS. In detail however,
our results point to structural heterogeneity in the N-terminal helices 1 and 2 as well as the
helical region containing Thr55. Both segments are remarkably close to the dimerization sites
observed in the recent X-ray structure of the 1-83 truncated form of H-NS. The first
dimerization site corresponds to the dimer observed in the 2-47 truncated form and involves
also helices HI and H2. A second dimerization site is formed by a helix-turn-helix motif
between residues 57 and 83 (Fig. 6C). This site is further stabilized by salt bridges between
Arg54-Glu74* and Lys57-Asp68* (residues marked with * are from a different molecule).
Thr55 identified in our work as polymorphic is located next to the second dimerization site.
The duplicate signals would be consistent with the coexistence of different oligomeric
arrangements (or free and bound forms) in the same preparation. The structural heterogeneity
may explain the difficulties in the assignment of the oligomerization interfaces. On the other
hand, H-NS DNA targets are generally recognized by an array of binding domains within H-

NS oligomers. Individual H-NS DNA binding domains show relatively weak affinities and

12



cooperative interaction of several domains is required to ensure efficient binding. The short
linker region connecting the oligomerization and DNA binding domains has been recently
demonstrated to play an essential role in the capacity of H-NS variants to differentiate
between horizontally acquired and core DNA [31]. In particular, the flexibility of this linker
region in the presence of DNA was suggested to be a key element in the selectivity of H-NS
towards the two DNA classes. The linker region is absent in any of the previous structural
models based on truncated forms. Our ssNMR data on residue 86 are compatible with an
unstructured but rigid linker region, even in the absence of DNA. Interestingly, the linker
region 87-96 contains four positively charged amino acids. Arg 90 and Arg 93 were shown to
interact with DNA and mutations in this region dramatically change the properties of the
nucleoprotein complexes [31].

The role of the linker region can be understood in the context of indirect readout of
DNA. Individual Ler and H-NS domains recognize local distortions of DNA minor groove
widths [7] rather than specific local DNA sequences. To differentiate longer DNA segments,
indirect readout can be established by constraining the capacity of several DNA binding
domains of an H-NS oligomer to interact simultaneously with DNA. According to the recent
oligomerization model suggested by the Ladbury group, the first dimerization site plays a key
role in determining the relative orientation of the H3 helices and, therefore, of the attachment
point of the DNA binding domains The new data suggest a connection between the
orientation of the long H3 helices and structural features affecting the packing of the N-
terminal dimerization domain. This connection may be functionally very relevant. It is known
that binding of co-regulatorors of the Hha family to the N-terminal dimerization domain
causes a change in the selectivity of H-NS oligomers towards xenogenoic DNA in a similar
way than changes in the linker region [2, 31]. Indeed, small structural changes in the N-

terminal dimer interface, or changes in the linker region, could significantly change the
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relative position of adjacent DNA contact points and, therefore, modulate the recognition of
long-range  DNA shape distortions.  Significant chemical shift differences between
experimental H-NS solid-state and solution NMR data are observed for residues Ile7, Leu8,
Asn9, and Glu34. Residues 28 to 34 are not observed in the solid-state NMR spectra. These
residues are located in the interface of the N-terminal dimerization domain and suggest small
distortions of the dimer packing, which may be of functional significance, given its hinge
character in the oligomer structure. The published structure of the 1-83 oligomer (PDB
3NR7) was analyzed using HingeProt to predict the residues defining hinges [32]. Focussing
on pairs of molecules connected by the N-terminal dimerization domain, the two lowest
frequency/high amplitude motional modes are predicted with residues 28 and 31 and 47-48
respectively as hinges (Fig. 7B). The first hinge is consistent with the region showing the
largest chemical shift differences between solid-state and solution spectra. The second one
agrees with the previous experimental data showing that the 1-47 construct forms the
minimal dimerization domain. Not surprisingly, even small changes in the dimerization
domain result in substantial displacement of the helix ends, where the second dimerization
domain is located and the DNA binding domain is anchored. Thus, small conformational
changes in the dimerization domain may change the exact oligomer structure and its capacity
to recognize specific DNA geometries.

An example of structural differences between H-NS N-terminal dimers can be
obtained by comparing the structures of the N-terminal domains of H-NS from E. coli and V.
cholera [19]. The major difference between the two domains is that Asn9 is replaced by a
leucine residue in Vibrio cholerae H-NS. Asn9 is one of the residues showing large chemical
shift differences between solution and solid-state spectra of the E. coli H-NS N-terminal
domain. Interestingly, the relative orientation of the H3 helices within the dimer is

significantly different. The residues 24 and 45 that are separated by six complete helical turns
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can be used to monitor the relative positions of the helices in the dimer. The distances
between Ca from residues Serd5 (Ala45 in V. cholerae H-NS) in the two symmetry related
helices are, respectively, 37.7 A and 38.2 A in E. coli and V. cholerae H-NS. Conversely, the
distances between Glu24 and its symmetry related counterparts are 27.4 A and 25.9 A the in
E. coli and V. cholerae proteins. The changes in the distance spanned by residues situated at
the end of the two helices H3 due to small changes in the N-terminal dimer interface will be
further amplified in the complete protein. This distance will directly affect the separation of
consecutive DNA binding regions along the H-NS oligomer. In the structure of the 1-83
oligomers, the distance between Cat from equivalent Ser45 residues is 36.1 A and increases
to 91.5 between the Ala67 residues of the two molecules in the dimer. Assuming a direct
proportionality, the distortions in the H3 helix between the E. coli and V. cholerae H-NS
would represent a shift in the relative position of the DNA binding domain of around 4 A.
This may seem a modest number (just over the distance of one DNA base pair), but in a 8-
mer (4-dimer) H-NS oligomer, the DNA domains of the end-terminal H-NS molecules would
change by 16A, which corresponds to around half the helical repeat of a DNA helix. Thus, a
modest change in the relative orientation of the long H3 helices at the N-terminal
dimerization site may result in the recognition of significantly different DNA structural
features. We had previously shown that the complementary mutations Asn9Leu and Leu9Asn
in full length E. coli and V. cholerae substantially change the electrophoretic mobility of the
nucleoprotein complexes, confirming that even small changes in the N-terminal dimerization
domain have a large effect in DNA binding [33]. Furthermore, Asn9 and Argl2 are involved
in binding of Hha, a protein that modifies the capacity of H-NS to recognize horizontally
acquired DNA [2].

Taken together, the existing evidence and the ssNMR data suggest that the N-terminal

dimerization domain may act as functionaly important hinge contributing to the capacity of

15



H-NS to recognize certain DNA classes, especially in the presence of co-regulators of the
Hha family. ssNMR data gives the first structural information on the functionally important
linker region that was absent in the truncated constructs studied previously. Our results
further show that solid-state NMR provides a valuable tool to study H-NS oligomers and

their interaction with co-regulators as well as its cognate DNA sequences.

Experimental procedures

Sample preparation and characterization. The (U-"C,"”N)-labeled full length H-

NS and H-NS 1-47 proteins from E. coli were obtained and purified as described elsewhere.
[7,33,34]. Saturated ammonium sulphate was slowly added to 70% saturation to 70-80 uM
H-NS samples while gently stirring at 4°C. The precipate was allowed to form for 1 h at 4°C.

The sample was centrifuged at 4°C for 30 min at 4000 g and the supernatant was removed.
Freshly prepared HNS precipitate samples were transferred into 3.2-mm MAS rotors by low-
speed centrifugation packed with bottom and top spacers and subsequently analyzed by
ssNMR spectroscopy. The microcrystalline samples were checked for native activity after
redisolving them. [In vitro oligomer formation was checked by size exclusion
chromatography. The chromatograms were indistinguishable from those of the purified
samples before precipitation, suggesting that the fresh and redisolved samples had similar
oligomer distributions. Two binding events were checked in the recovered samples: DNA
binding was measured by electrophoretic band-shift assays and Hha binding to the N-
terminal domain was checked by the disappearance of NMR signals from Hha, as
demonstrated previously [33,34] (Supplementary Information, Fig. S4). Electrophoretic

band-shift assays were performed as described previously [33]. The 2.8 kbp DNA fragment
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used, corresponding to the regulatory region of the hly operon of E. coli, was obtained by

PCR amplification from plasmid pHly152 [33].

NMR spectroscopy. All ssNMR experiments were performed on a Bruker Avance standard
bore 700 MHz instrument (Bruker Biospin, Germany), equipped with a 3.2 mm triple
resonance (‘H,"”C,"”N) CP-MAS probehead. Two- and three-dimensional ’C-">C and “N-"C
correlation experiments were performed on uniformly “C, ""N-labeled H-NS samples at
different MAS frequencies. The probehead temperature was adjusted to ensure a constant
sample temperature at around 4 °C. Heteronuclear polarization transfer was implemented
using ramped Hartmann-Hahn cross-polarization (HHCP) either to generate the initial
polarization (‘"H-"C or 'H-"N) or as a polarization step in the heteronuclear correlation
experiment (°"N-""C) employing simultaneously continuous-wave (CW) decoupling on 'H
channel. The homonuclear two-dimensional *C-"’C correlation experiments were performed
using proton-driven spin diffusion under weak coupling conditions [25] (PDSD-WC) at a
MAS frequency close to the rotational resonance condition for Ca and C’ resonances, i.e.
10.92 kHz at 16.4 T. Under this condition, spin-diffusion mixing times of 20 ms to 150 ms
were typically used to reveal intraresidue and sequential correlations, respectively. For
heteronuclear triple resonance experiments, N-"C transfers were achieved by using
SPECIFIC-CP [26, 34] steps of 3 ms, with a low radio-frequency field amplitude on the °C
channel and a carrier frequency setted in the desired spectral region i.e. at 55 ppm for the
NCACX experiment and 175 ppm to achieve selective polarization transfer from the nitrogen
to the carbonyl region in the NCOCX experiment, followed by a "“C-"°C recoupling scheme.
For the (U-"C,”N)-labeled H-NS (1-47) sample, the 2D NCACX experiment was performed
at a MAS frequency of 17 kHz using PARIS [27] recoupling with proton rf recoupling of 5.5

kHz and a mixing time of 100 ms while the 2D NCOCX correlation spectrum was recorded
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using MIRROR [28] recoupling with a proton rf recoupling and mixing times of 21 kHz /75
ms and 4 kHz/75 ms at a MAS frequency of 17 kHz. For the (U-"C,"”N)-labeled full-length
H-NS sample, the 2D "C-"C and “N-"C correlation spectra were recorded using 4 ms
evolution times in indirect °C and "N dimensions, with 1024 to 1240 data points in the direct
dimension, and 340 or 28 data points in the indirect dimension for PDSD and NCACX
spectra, respectively. Proton decoupling during all evolution and detection periods was
implemented using SPINAL-64 scheme [36] at a power level of 83.3 kHz. All experiments
were acquired by using a TPPI scheme in indirect dimension [37]. Data were Fourier
transformed using a cosine-square window function with zero filling to 2048 data points in
direct dimension and 2048 or 1024 data point in the indirect dimension for PDSD and
NCACX spectra, respectively. The 3D "N-"C-"C NCOCX experiment was recorded using
3.4 ms evolution time in indirect "N and “C dimensions and with 24 ¢, and #, increments and
992 scans, resulting in a total measuring time of 13.5 days. 3D NCOCX spectrum was
Fourier transformed using cosine-square window function with zero filling to 2k data points
in t; and 128 data points in ¢, and ¢,. All data were processed using TOPSPIN 3.0 software
package (Bruker BioSpin) and analyzed with SPARKY [38]. °C and 'H resonances were
calibrated using adamantane as an external reference. The upfield "°C resonance and isotropic
'H resonance of adamantane were set to 31.47 and 1.7 ppm, respectively, to allow for a direct
comparison of the solid-state chemical shifts to solution-state NMR data. Accordingly, "N
resonances were calibrated using the tripeptide AGG [29] as an external reference.

Experimental chemical shifts of the H-NS 2-58 fragments were obtained from the
BioMagResBank (BMRB 5390, PDB 1LR1). Although H-NS 1-47 solution NMR spectra
had been assigned before the chemical shift values were not available and we remeasured
them in a doubly labeled construct at 298K in 20 mM sodium phosphate (pH 7.0), 150 mM

NaCl, 1 mM tris(2-carboxyethyl)-phosphine (TCEP), 0.2 mM ethylene diamine tetraacetic
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acid (EDTA), 0.01 % (w/v) NaN, on a Bruker Avance 800 MHz instrument equipped with a
TCI cryo-probe. Chemical shift assignments were obtained using a combination of 'H-"’N-
HSQC, 'H-"C-HSQC, CBCA(CO)NH and HCCH-TOCSY experiments and were referenced
with respect to 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS). Structure analysis and

figures were prepared using PYMOL [39].

Elastic Network models. We analyzed the X-ray structure of the H-NS 1-83 dimer using
HingeProt [32] to predict hinges that coordinate low frequency collective modes on the basis
of an elastic network model. Hinges often mediate functionally important motions in proteins
[40]. Coarse-grained models along the first two dominant modes were reproduced with the

use of elNémo [41].
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Supporting Information.

The following supplementary material is available:

Table S1. Solid-state NMR chemical shifts of self-assembled (U-">C,"°N)-labeled full-length
H-NS.

Table S2. Solid-state NMR chemical shifts of (U-"C,"”N) H-NS 1-47.

Table S3. 'H, °C and "N solution NMR chemical shifts of (U-"C,"”N) H-NS 1-47.

Fig. S1. 2D NCOCX correlation spectrum obtained on (U-"C,"”N) full-length H-NS.

Fig. S2. Overlay of the 2D "“C-"C correlation spectra obtained on (U-"C,”N)-labeled full-
length H-NS and its truncated variant H-NS 1-47.

Fig. S3. Histogram representation of Ca secondary chemical shifts and chemical shift
differences between H-NS 1-47 in solid state and in solution and solid state H-NS 1-137.

Fig. S4. Functional assays on full length H-NS samples.
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Figure legends

Fig. 1: Two-dimensional ssNMR correlation spectra of self-assembled (U-"C,"”N)-
labeled H-NS oligomers (A) Aliphatic region of the proton-driven “C-"C spin diffusion
(PDSD) spectrum recorded with 20 ms mixing time. (B) NCACX correlation spectrum

recorded using a SPECIFIC-CP of 4 ms for the "N - “Ca transfer step and a PDSD mixing

of 20 ms to transfer the magnetization from "“Ca to side-chain "C resonances. Assigned
residues as well as regions of significant overlap for certain residue types are indicated in
black and red, respectively. All spectra were recorded at 700 MHz proton Larmor frequency,

10.92 kHz MAS frequency and at a sample temperature of 275 K.

Fig. 2: ssNMR characterization of the H-NS dimerization domain H-NS 1-47 (A)
Overlay of the 2D "“C-"C PDSD correlation spectra obtained on (U-"C,”N)-labeled full-
length H-NS (black) and its truncated variant H-NS 1-47 (green) using a PDSD mixing time
of 20 ms (10.92 kHz MAS, 700 MHz, 275 K). Labels indicate characteristic intra-residue CC
correlations of Thr (I to IX) and Pro (X to XII) residues from the N-terminal domain H-NS 2-
47 (green) and other topological regions (black). (B) Distribution of Thr, Pro and Ser residues
throughout the protein sequence using the same color code as in (A) and showing secondary
structure elements (a-helix as cylinders and (3-sheet as arrow) as found in available 3D
structures of isolated H-NS domains. Protein regions for which no structural information is

available are indicated as dashed lines.

Fig. 3. Exemple of sequential assignment of the protein segment C21-L.26 based on two-
dimensional homonuclear and heteronuclear ssNMR spectroscopy on (U-"N,"”C)-

labeled H-NS 1-47 preparation. (A) 2D (’C-"°C) correlation spectra obtained under weak
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coupling conditions using PDSD mixing times of 20 ms (black) and 150 ms (red) at a MAS
frequency of 10.92 kHz and 700 MHz 'H Larmor frequency. (B) 2D ("’N,”C) NCACX and
(C) 2D (°N,"”C) NCOCX correlation spectra recorded at a MAS frequency of 17 kHz using
respectively PARIS and MIRROR recoupling of 100 and 150 ms. Assignments are indicated
in rectangles. Characteristic sequential (i, i+1) and (i, i+2) correlations are highlighted in red

and green, respectively. Dashed lines indicate CC and NC connectivities.

Fig. 4. Sequential assignment of (U-"N,"C)-labeled full-length H-NS (A) Strip plot from
3D NCOCX spectrum recorded on (U-"C,”N)-labeled full-length H-NS showing ""N(i)-
'3Ca,iph(i-1) correlations for residues in the N-terminus domain of H-NS. (B) Overlay of the
2D ("C,”C) PDSD correlation spectra obtained on (U-"C,"”N)-labeled full length H-NS
using 20 ms (black) and 150 ms (red) PDSD mixing times under weak coupling conditions
(700 MHz, 10.92 kHz MAS, 275 K). Assignments are indicated in rectangles. Characteristic
sequential (i, ix1) and (i, i+2) correlations are highlighted in red and green, respectively.
Solid lines indicate sample sequential walk from residue 68 to 74 using only intraresidue and

sequential CC correlations.

Fig. 5. Secondary structure analysis of H-NS oligomers (A) Secondary chemical shifts
(AOCa-AdCP) of H-NS with reference to average values taken from Biological Magnetic

Resonance Data Bank (BMRB; http://www .bmrb.wisc.edu). Positive values indicate helical

structure (H) whereas negative values indicate [3-sheet-like (S) or unstructured protein
regions. (B) Secondary structure elements within self-assembled full-length H-NS as revealed

by ssNMR (red) are given as horizontal bars below, using H and S for a-helical and B-sheet
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protein segments, respectively and are compared to those seen in available 3D models of

isolated H-NS domains (grey).

Fig. 6. Analysis of the intraresidue threonine correlation pattern. (A) Left, Spectral
region extracted from the 2D “C-"C PDSD correlation spectrum showing Ca-C( cross-
peaks of H-NS threonines. Assignment is given when available. Unassigned cross-peaks are
labeled with roman numbers. Middle, histogram representation of C’, Ca and CP secondary
chemical shifts of threonines. Secondary chemical shifts (A8"”C) were calculated using
averaged chemical shifts (8"°C,,z) from the BioMagResBank and experimental ssNMR
chemical shifts (8'"°Cpyp) using the A3”C = 8" Cexp - 6"°Cave [29]. Right, relative intensity
of Thr Ca-Cf cross-peaks (B) Position of threonine residues throughout H-NS protein
sequence and secondary structure elements. (C) Topological organization of H-NS and

associated biological functions. Color code: red, a-helical segments; green, [3-sheet segments.

Fig. 7. H-NS dimer hinge role suggested by comparison of solid-state NMR data with
solution NMR data from the isolated dimerization domains of E. coli. (A) Solid-state
NMR Coa chemical shifts of full length H-NS compared with solution chemical shifts
measured in H-NS 1-47. Residues with an agreement of AOCa within + 2 ppm are shown in
green. Deviations greater than 2 ppm are highlighted in red and unassigned residues are
indicated in grey. (B). Hinge motion predicted from the structure of H-NS 1-83 dimers using
HingeProt. Top: hinge motion around residues 28 and 31*. Bottom: hinge motion around

residues 47 and 48%*. Asterisks refer to residues from the second chain in the dimer.
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