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ABSTRACT: The solution-state structure of the recombinant archaeal histone rHFoB, from the mesophile
Methanobacterium formicicumhas been determined by two- and three-dimensional (3D) proton

homonuclear correlated nuclear magnetic resonance (NMR) methods.

On the basis of 951 nuclear

Overhauser effect (NOE)-derived distance restraints, rHFoB monomers form the histone fold and assemble
into symmetric (rHFoB)dimers that have a structure consistent with assembly into archaeal nucleosomes.
rHFoB exhibits~78% sequence homology with rHMfB from the hyperthermophilethanothermus
fervidus and the results obtained demonstrate that these two proteins have very similar 3D structures,
with a root-mean-square deviation for backbone atoms of 86513 A2. (rHFoB), dimers however

unfold at lower temperatures and require a higher salt environment for stability than (rbiMfBgrs,

and comparing the structures, we predict that these differences result from unfavorable surface-located
ionic interactions and a larger, more solvent-accessible cavity adjacent to residue G36 in the hydrophobic

core of (rtHFoB).

Archaeal histones are small, basic DNA-binding proteins

that share a common ancestry with the eukaryal nucleosome

core histones, H2A, H2B, H3, and H4)( Consistent with
this heritage, they wrap DNA into nucleosome-like structures
both in vitro and in vivo g, 3). Eighteen archaeal histone
sequences have been determinBd (They range in length
from 66 to 69 residues and are 695% identical in
sequence, and members of this family have been purified
and characterized from mesophilic, thermophilic, and hy-
perthermophilicArchaea The structure of recombinant (r)
HMfB,* synthesized ifescherichia colby expression of the
hmfBgene cloned from the hyperthermophifethanother-
mus fepidus (optimum growth temperature of 8&), has
been establishedt and shown to conform to the histone
fold (5). On the basis of the high conservation in amino

acid sequences, it seems likely that all archaeal histones retair

this fold; however, they exhibit differences in DNA binding
and compaction€), and in salt dependency and thermal
stability (7—9).

Since the discovery of hyperthermophiles, comparing the
structures of related proteins from mesophiles and hyper-
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1 Abbreviations: HFo, histone fromethanobacterium formicicum
HMf, histone from Methanothermus feidus HPy, histone from
Pyrococcusstrain GB-3a; HMt, histone fromMethanobacterium
thermoautotrophicum2D, two-dimensional; 3D, three-dimensional;
DQF, double quantum filter; COSY, scalar correlation spectroscopy;
HOHAHA, homonuclear HartmanrrHahn spectroscopy; NOE, nuclear

Overhauser effect; NOESY, nuclear Overhauser effect spectroscopy.

i} o -+.u®
2
V64pH ¢ ,,B?\ o
:E |Z T
ng |8 g -
VédaH
o o—g o—a— B
4 ¢ 9 ©° (L] v
£
[=¥
B
T s
6 [
7
D1=3.59ppm
Vé4oH
[ [ 3.
8 7 6 5 4 3 2 1
1H(ppm)

Ficure 1: D2D3 plane of the 3D NOESYHOHAHA spectrum

at thea-proton of V64. The peak at the intersection of V& and

A61 “H is the NOE cross-peak between EGH and V64 “H
following the path V64*H —(J) V64 fH —(NOE) E61%H.
thermophiles has become an attractive approach for identify-
ing thermostability-conferring features. However, in most
cases, the conclusions are limited by the relatively large sizes
and low sequence identities of the proteins being compared
(10—16). In contrast, rHFoB, the recombinant version of
HFoB from the mesophildMethanobacterium formicicum
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Ficure 2: Summary of the NOE connectivities for backbone atoms of rHFoB.dFhelical regions are indicated by boxes with the N-cap
and C-cap residues designated N and C, respectively. Strong, medium, and weak NOE connectivities are indicated by thick, medium, and
thin bars, respectively. Chemical shift overlaps prevented the assignment of specified connectivities (indicated with asterisks).

Ficure 3: Best-fit superposition of backbone heavy atoms (&,add N) of the 19 models of the (rHFoBJimer. Individual monomers
are shown in blue and cyan.

[optimum growth temperature of 43C (7)], and rHMfB MATERIALS AND METHODS

contain only 67 and 69 amino acid residues, respectively, in . ) .
sequences that differ at only 15 locations (78% identical). ~ Preparation of rHFoB. Induction of rHFoB synthesis and
Only six of these differences are nonconservative changes purification of rHFoB fromE. coli JM105 (pKS406) have
and yet under identical solution conditions, rHFoB molecules been described|. rHFoB solutions were prepared for NMR
unfold at temperatures 30 °C lower than the temperatures SPectroscopy at~1 mM monomer concentrations 150

at which rHMfB molecules unfoldg). To confirm that ~ MM d-acetate (99%ls-acetate), 2 mM NapPQ,, and 1 M
rHFoB forms the histone fold, and to provide the structural NaCl (pH 6), as described for rHMfB4].

foundation needed to identify the molecular determinants of NMR SpectroscopyNMR data were collected with a GE
this difference in stability, we have established the 3D OMEGA-PSG 600 NMR spectrometer at sample tempera-
structure of the (rHFoB)dimer by NMR methods. Here tures of 25, 35, and 48C. Quadrature detection, in the
we report this structure and a comparison with the structure indirect dimensions, was accomplished by using the States
of the (rHMfB), dimer @). TPPI techniqueX7, 18). Data were collected with a spectral



rHFoB Structure

Table 1: Summary ofH NMR Chemical Shifts Observed for
rHFoB at 35°C

residue NH oH pH others
1 Met
2 Glu
3 Leu 8588 4.426 2.004, 1.931y 1.265;0 0.798
4  Pro 4.624 Py 2.098, 2.012;
0 3.500, 3.975
5 lle 7.865 3.912 1.895 y 1.394,yCHjs
0.926;0CH3 0.837
6 Ala 8.814 4.386 1.589
7 Pro 4.316 1.650, 2.608 y 2.012, 2.108;
0 3.724,3.819
8 lle 6.882 3.729 2.358 y 1.468, 1.391;
yCHz 1.065;
0CH30.819
9 Gly 8255 3.620,4.152
10 Arg 7.513 4.029 2.058 y 1.633, 1.854;
0 3.263, 3.361;
€7.778
11 lle 7.679 3.748 2.093 y 1.186, 1.935;
yCH3 0.781,;
0CH30.871
12 lle 7.371 3.750 1.935 y 0.618, 2.029;
yCH3 0.873;
O0CH3 0.755
13 Lys 8.049 4.150
14 Asn 8.865 4.472 2.902, 3.035
15 Ala 7.495 4.466 1.563
16 Gly 7.868 3.748,4.479
17 Ala 7.179 4.329 1.204
18 Glu 9.318 4.211 2.212 y 2.290, 2.432
19 Ar 7.580 4.628 1.596, 1.811
20 Val 8.740 4.398 2.019 yCH30.822, 1.011
21 Ser 8454 4.668 4.009, 4.386
22 Asp 9.159 4.420 2.812,2.771
23 Asp 8.748 4.491 2.855
24 Ala 8.096 3.816 1.340
25 Arg 7.467 3.800 2.146 y 1.397, 1.977,
0 3.209, 3.345;
€7.303
26 Glu 7.860 2.123 y 2.310, 2.426
27 Ala 8.063 4.226 1.547
28 Leu 8.179 4.160 1.363, 1.981y 1.628;0CHs
0.921, 1.055
29 Ala 8.336 3.909 1.545
30 Lys 8.334 4031 1.954
31 Ala 7.787 4.317 1.535
32 Leu 8526 4.089 1.936, 2.006y 1.628;
0CH30.797
33 Glu 8.668 3.806 2.217,2.423y 2.363
34 Glu 8.120 4.128 2.178, 2.232y 2.330, 2.583
35 Lys 8.031 4.396 1.789
36 Gly 9.132 3.647,3.771
37 Glu 8.759 3.979 2.331 y 2.521,2.712
38 Thr 8.159 4.072 4.408 yCHs 1.406
39 lle 8501 3.587 1.806 y 1.968;yCHs
0.886;0CH30.776
40 Ala 8.900 3.839 1.469
41 Thr 8.383 3.901 4.447 yCH31.403
42 Glu 7.601 4.266 2.202 y 2.464, 2.341
43 Ala 8.867 4.054 1.366
44 Val 8.390 3.506 2.226 yCHs3 1.023, 0.907
45 Lys 7.614 3.979 1.976 y 1.377,1.721
46 Leu 8.382 4.042 1.602, 2.158y 1.968;0CHj|
0.921, 1.054
47 Ala 8.248 4.106 1.472
48 Lys 8.403 4.206 1.998 y 1.686, 1.737
49 His 8.622 4.468 3.440
50 Ala 7.708 4.463 1.686
51 Gly 8.018 3.857,4.160
52 Arg 8.176 4.656 0 3.110, 3.467;
€7.110
53 L?/]s 8.355 4.381
54 Thr 7.419 4.613 4.019 yCH3 1.065
55 Val 8.032 4.163 1.838 yCH31.012, 1.052
56 Lys 9.633 5.082 1.558, 1.730y 2.211;¢ 3.035
57 Ala 8.797 3.733 1.374
58 Ser 8328 4.125 3.867, 3.946
59 Asp 7.091 4.492 3.030, 3.199
60 Val 7.183 3.380 2.232 yCH30.744, 0.963
61 Glu 8.754 3.873 2.046 g 2.246, 2.406
62 Leu 7.817 4.175 1.684, 1.830y 1.735;0CHs
0.987, 1.002
63 Ala 7.817 3.964 1.609
64 Val 8.311 3.594 2.235
65 Lys 7.479 4.186 1.736, 2.037
66 Arg 7.629 4.371 2.057 y 1.760, 1.832;
0 3.164, 3.201;
€7.433
67 Leu 7.265 4.227 1.674 y 1.925;0CHs
0.901
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Ficure 4: Best-fit superposition of backbone heavy atoms (€, C
and N) of the lowest-penalty structures of rHFoB (red) and rHMfB
(green) generated by using the MidasPlus software package.

width of 7017.5 Hz in all dimensions. Water suppression
was achieved with a continuous-wave irradiation presatura-
tion period of 1.2 s, followed by a 40 ms SCUBA sequence
to allow recovery of saturated protons at water frequency.
2D NOESY data 19, 20) were collected with mixing times

of 120, 150, and 200 ms. 2D HOHAHA data1( 22) were
collected in the “clean” mode2@) with an 80 ms MLEV-

17 spin-lock sequence flanked by 1 ms trim pulses. 2D
DQF-COSY dataZ4) were collected at all three tempera-
tures. 3D NOESY-HOHAHA data @5) were recorded at
35 °C with 64t; (NOESY) and 3%, (HOHAHA) complex
points. All data were transferred via ethernet to Silicon
Graphics computers for processing and analysis with the
FELIX (v2.3, Biosym Technologies, Inc.) and NMRVIEW
(26) software packages.

Structure Calculations.Structure calculations were per-
formed using the program DIANA following the REDAC
minimization strategy 47). Only functional NOEs were
employed for the structure calculations, and many intraresi-
due and redundant NOEs were not used. For example, in
cases where a proton exhibited a NOE to one prochiral proton
or methyl group, and a weaker NOE to the other prochiral
group, then restraints were employed for only the stronger
of the two NOEs. In addition, intraresidue distance restraints
were not employed for protons on most of the exposed,
charged side chains as these groups are likely to be
undergoing rapid conformational averaging on the NMR
chemical shift time scale. NOE cross-peaks were classified
as strong, medium, and weak, and corresponding upper-limit
distance restraints of 2.7, 3.3, and 5.0 A were assigned. To
allow for maximal conformational sampling, upper distance
limits of 2.9 and 3.5 A were employed for strong-intensity
sequential and medium-intensity NHNH cross-peaks. The
upper limits were extended by 0.8, 0.5, and 1.5 A for NOEs
involving methylene, methyl, and phenyl pseudoatoms,
respectively. Backbone NHO hydrogen bond restraints
were employed for the helical elements identified via
secondary structure analysis of the NOE cross-peak patterns.
A total of four restraints were employed per hydrogen bond,
including upper distance limits of 2.0 and 3.0 A and lower
distance limits of 1.8 and 2.7 A for the NHON—O atom
pairs, respectively.

RESULTS

Analysis of the NMR Data'H NMR signal assignments
were made using standard sequential assignment strategies
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Ficure 5: Surface maps of the electrostatic potential of (rHR@B) (rHMfB), dimers generated by GRASB9). Positive surface potential
is shown in blue and negative surface potential in red. The upper images are rHFoB, and the lower images are rHMfB. The right images
differ from the left images by a 18Qotation.

(28). Overlapping signals in 2D NOESY, DQF-COSY, and and E2 were not observed due to rapid exchange with water
TOCSY spectra were assigned by comparing data collectedprotons.
at different temperatures, and by the analysis of 3D NOESY Helices Il and Ill contain N-terminal caps, as indicated
TOCSY data. For example, assignment of the EGH-€ by weakdyn(i,i+3) and moderateély,(i,i+3) NOEs in S21-
V64 C*H cross-peak could not be made from the 2D NOESY  (Ncap)—A24, moderatal,n(i,i+1) NOEs for S21-D22, and
spectra due to overlap of one of the E61HCand V64 CH strong dun(i,i+1) NOEs for K56(Nap)-A57. Schellman
protons. However, an intense E6*HC-V64 C*H cross- C-terminal capping motifs were identified for helices | and
peak was unambiguously assigned in the 3D NOESY I, for the positions designated as C3-C2-Cdx£C'(Gly)-
TOCSY spectrum (Figure 1). The proton NMR chemical C", based on medium to strordyn(i,i+4) NOEs between
shift assignments made at 3& are summarized in Table the C2 and C residues (K13-A17 and K48-R52). The
1. C-terminal residue of helix 11l (L67) is the C-terminal residue
Short- and medium-range NOE connectivities, observed of the polypeptide.
in the 2D NOESY and 3D NOESY¥TOCSY spectra, are Strong-intensity dun(i,i+1) NOEs were observed for
summarized in Figure 2. The NOE data indicate that rHFoB residues A17-E18, R19-V20, V20-S21, T54-V55, V55-K56,

monomers contain three-helices, designated |, Il, and Il and K56-A57, as well as long-range NOE cross-peaks for
formed by I5-A15, D22-A50, and A57L67, respectively, the following proton pairs: T54H—R19 NH, V55 NH-
characterized by stretches of intertag(i,i+1), weakdun- R19 NH, and V55 NH-S21 NH. Residues R19-V20-S21
(i,i+2), mediumdyg(i,i+3), weakdyn(i,i+3), and wealdy- and T54-V55 are located ifi-strand loops between helices

(i,i+4) NOE cross-peaks. Amide protons of residues M1 | and Il and between helices Il and lll, respectively, and
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homodimers in solution. In terms of residue positions, the
side chain proton contacts that define the tertiary fold and
the (rHFoB) structure are almost identical to those in the
(rHMfB), dimer, except that the side chain of I5dahelix
| makes contact with E33 af-helix Il in rHFoB, whereas
I5 contacts 126 in rHMfB.

3D Structure Calculations.A total of 951 interproton
distance restraints were derived from the 2D and 3D
homonuclear correlated NOE data, corresponding 1d.2
restraints per refined residue. These included 11 intraresidue,
212 sequential, 356 medium-range, 94 long-range (residues
>5 A apart), and 98 intermolecular restraints. Restraints
for a total of 45 hydrogen bonds per monomer were also
included for each of the three-helices. Pseudoatom
restraints were employed for mogtmethylene protons.
However, most diastereotopic methyl groups and glycifie H
protons were stereochemically assigned, and the appropriate
distance restraints were employed. A total of 500 initial
starting models with randomly generated initial torsion angles
were subjected to conjugate gradient minimization. Mini-
mized structures with target functions of 0.3 dx less were
selected and subjected to additional rounds of REDAC
Ficure 6: Ribbon representations of (rHFaBand (rHMfB) refinement 27), which ultimately afforded 19 structures with
dimers generated by MOLSCRIP#7) and rendered with Raster  5rqet functions ranging from 0.023 to 0.043. ABest-fit
3D (48). rHFoB is shown in red and rHMfB in green, with side f )
chains surrounding the cavity in (rHFoBindicated by lighter superposition qf the backbone heavy atoms of these final
shades. structures (residues %7 of both monomers) afforded

pairwise root-mean-square deviations of 0£50.13 A

interloop connectivities are consistent with short stretches (Figure 3).
of parallels-sheet structure. The locations of thehelices Structure Description and Comparison of (rHFeBYyith
and the capping elements are summarized at the top of Figur§rHMfB),. Using the convention established for (rHM$B)
2. Residues R19 and T54 in rHFoB and in rHMfB are dimers @), the helices in one rHFoB monomer are referred
located at the positions occupied by R83 and T118 in as|, II, and lll, and their homologues in the second monomer
Xenopushistone H3 and R45 and T80 Kenopushistone in a (rtHFoB)} dimer as la, lla, and llla. Due to rapid proton
H4, respectively, and R83 (H3)r80 (H4) and R45 (H4) exchange, structure could not established for M1 or E2, and
T118 (H3) also interact directly within the paired loop severe proton overlap precluded the observation of the proline
regions that separate helices | and I, and Il and lIl, in an cap motif documented for helix | in rHMfB4). As in
H3—H4 dimer, respectively29). These interactions direct (rHMfB),, helices Il and lla in the (rHFoB)dimer are
the insertion of the side chains of R83 (H3) and R45 (H4) aligned in an antiparallel arrangement, and helices | and Ia,
into the minor groove of the DNA molecule wrapped around and Ill and llla, cross helices Il and lla (Figure 3). A
a nucleosome, and consistent with archaeal histones employnetwork of hydrophobic contacts is formed between L28 and
ing the same mechanism of DNA binding, rHMfB variants 139a, L28 and A40a, L28 and V44a, and L32 and G36a and
constructed with other residues at position 19 or 54 do not the reciprocal partnerships, L28a and 139, etc., along the
bind DNA (K. Sandman and J. N. Reeve, unpublished interface between helices Il and Ila.
results) I5 of helix | contacts E33 of helix Il; Al5, the C-cap

Many of the long-range NOE cross-peaks observed in the residue of helix I, makes contacts with A40a and T41a of
homonuclear NMR data could only be explained in terms helix Ila, and Al7, located in the C-cap region of helix I,
of a (rHFoB) dimer. For example, the long-range NOEs formed connectivities with VV44a of helix Ila. 18, 112, and
from residues in the R19S21 region to residues in the T54 A15 are all located on the same face of helix | and make
K56 region cannot be intramonomer as these residues areextensive hydrophobic contacts with residues in helices Il
located at opposite ends of helix Il (Figure 2), and the NOE and lla that together contribute substantially to the hydro-
contacts between L28 and 139, L28 and A40, and L28 and phobic core. Helix Ill also extends across helices Il and
V44 are similarly only realistically explicable in terms of lla, but in the opposite direction from helix I. A57, the first
intermonomer contacts between two antiparallel, aligned hydrophobic residue in helix 11, contacts A24a and A27a
o-helices Il. Several additional intermonomer NOE cross- of helix Ila, and the C-terminal residue of helix Ill, L67,
peaks were assigned by a reiterative approach in which aninteracts with T38 and 139 of helix Il. Additional hydro-
initial structure was calculated on the basis of unambiguously phobic connectivities involving helix 11l residues were
assigned NOEs, and additional cross-peaks were then evaludetected between V60 and L28a, V60 and A43, A63 and
ated in terms of their consistency with this structudé- 139, and V64 and A3la.
32). Residues V20 and V55, located in the loop regions

As previously documented for rHMfB4], only one set between helices | and Il, and between helices Il and llI,
of signals was observed for all rHFoB protons, consistent respectively, also contribute to the hydrophobic core. V20
with monomers associating to form symmetric (rHFpB) makes intramonomer contacts with 112 and Al17, whereas
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Ficure 7: Space filling representations of (rHFeB)nd (rHMfB), generated by GRASFB9). Hydrophobic residues are shown in green.
The upper images are rHFoB, and the lower images are rHMfB. The right images differ from the left images By atdtin.

V55 makes intramonomer contacts with V60 of helix 11l and
intermonomer contacts with 112a of helix la and with Al17a.

The 3D structure of (rHFoB)is very similar to that of
(rHMfB) ., with a root-mean-square deviation for the back-
bone atoms of 1.40 A for the (rHFoByand (rHMfB),
structures with lowest penalties. The helixelix interfaces
in both dimers are dominated by hydrophobic interactions,
although, as mentioned, the helixtelix 1l intramonomer
interaction in rHMfB occurs between I5 and 126 whereas 15
makes contacts with E33 in helix Il of rHFoB. This results
in a slight change in the orientation of helix | relative to
helix 1, and presumably the t5E33 helix Fhelix I
interaction in rHFoB is weaker than the+56 interaction
in rtHMfB (Figure 4).

DISCUSSION

have very similar 3D structures that conform to the histone
fold (5). Both archaeal histones form dimers in solution with
structures essentially identical to the structures formed by
the globular regions of the eukaryal nucleosome core histones
in H3—H4 and H2A-H2B dimers b, 29). Conserved
residues are identically positioned in the archaeal and
eukaryal histone dimers that are known to participate in DNA
binding and assembly of the eukaryal nucleoso2®. (

Despite their conserved structures, (rHFo&)d (rHMfB),
dimers unfold under identical solution conditions at temper-
atures that differ by>30 °C (8). rHFoB and rHMfB have
almost identical secondary structures, and the hydrogen bonds
involving backbone atoms are also very similar. It therefore
seems unlikely that differences in these features contribute
substantially to the large difference in thermal stability.
Partial negative and positive charges located near the N- and

rHFoB and rHMfB have amino acid sequences that are C-termini of ano-helix can stabilize thet-helix by interact-
~78% identical, and here we have established that they alsoing favorably with the helix dipole33—37), and this appears
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to be the case for helices Il (D- or E22 and K- or R48) and solvent exposure, whereas rHFoB terminates at position 67
Il (D59 and K- or R65) in all the archaeal histond3.(There and therefore lacks this protection. The increased solvent
are two negatively charged residues (E58 in addition to D59) exposure, coupled with the presence of a potentially polar
in the first turn of helix 11l of rHMfB but only one (D59) in K35 rather than a M35 residue, is likely to contribute
helix 11l of rHFoB, which may be a difference that substantially to the reduced stability of rHFoB, and consistent
contributes to the increased stability of rHMfB. with this prediction, a K35M variant of rHFoB hasTa,’
Charged residues (D, E, K, and R) comprise-32% of that is 14°C higher than that of wild-type rHFoB whereas
all residues in the archaeal histones, and consistent with salthe M35K variant of rHMfB has &,° that is 17°C lower
bridges playing an important role in stabilizing protein than that of wild-type rHMfB 8; W.-t. Li and J. N. Reeve,
structures38), reciprocal changes in the positions of charged unpublished results).
residues provide strong evidence for specific, localized ionic
interactions. For example, ot-helix Il of the HFo and HMt
histones, D26 or E26 interacts with K30 whereas K26 is 1o solution structure of rHEOB has been shown to be

partnered with E30 in the HPy histones (see Figure 1 in ref oy imilar to that of rHMfB and to conform to the histone
8). Comparing surface-located charged residues at POSItionSt,| 4 HEoB monomers associate to form symmetric ho-

| andi+4 or.i+3 in a-helices suggests that R37 in. rHMfB modimers with structures homologous to the globular regions
versus E37 in rHFoB could contribute to both the increased of the eukaryal nucleosome core histon@s 29), and

stability and lower salt dependency of rHMfB. A favorable conserved residues are appropriately positioned for DNA

R37—E33 interaction alongx-helix 1l in rHMfB replaced bindin

. o ) g and assembly of archaeal nucleoson®s (The
by an unfavorable E37E33 interaction in rHFOB which, 1, er stapility and increased salt dependency of (tHRoB)
together with the 126 (rI_-|MfB) VErsus E26 (rHF_oB) differ- dimers appear to result from an increased number of
ehnce, gfeneralfeﬁ a Iocallzed_ reglorr]w Of het negative charﬁ]e ONinfavorable, surface-located ionic interactions, from a larger
the surface of the (rHFoBHimer that is not present on the and more solvent-accessible cavity within the hydrophobic

(rHMfB) z'dimer (Figure 5). The higher salt requirement for core, and possibly from weaker interactions maintaining the
stabilization of rHFoB 8) may therefore, at least in part, helix I—helix Il interface.

reflect the need for salt screening of these otherwise

CONCLUSION
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