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Three-dimensional structure of binase in solution
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Abstract We present the spatial structure of binase, a small
extracellular ribonuclease, derived from 'H-NMR* data in
aqueous solution. The total of 20 structures were obtained via
torsion angle dynamics using DYANA program with experi-
mental NOE and hydrogen bond distance constraints and ¢ and
x! dihedral angle constraints. The final structures were energy
minimised with ECEPP/2 potential in FANTOM program.
Binase consists of three o-helices in N-terminal part (residues 6—
16, 26-32 and 41-44), five-stranded antiparallel 3-sheet in C-
terminal part (residues 51-55, 70-75, 86-90, 94-99 and 104-
108) and two-stranded parallel B-sheet (residues 22-24 and 49—
51). Three loops (residues 36-39, 5667 and 76-83), which play
significant role in biological functioning of binase, are flexible in
solution. The differences between binase and barnase spatial
structures in solution explain the differences in thermostability of
binase, barnase and their hybrids.
© 1998 Federation of European Biochemical Societies.
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1. Introduction

Binase is a small (M, 12.1 kDa) extracellular guanylospe-
cific ribonuclease produced by Bacillus intermedius [1]. Binase
as well as its homologue barnase (the sequential homology of
85%) from Bacillus amyloliquefaciens [2] is inhibited by a pro-
tein barstar. Barstar strongly interacts with binase and bar-
nase but dissociation constants of the complexes have an ap-
proximately two order difference [3,4]. Catalytic constants of
binase and barnase are also significantly different [5]. The
detailed comparison of binase and barnase spatial structures
in solution could explain why so homologous proteins highly
differ in catalytic constants and in dissociation constants of
their complexes with barstar. These complexes are convenient
models for studying the molecular aspects of protein-protein
interaction and for understanding the specificity of enzyme-
substrate and enzyme-inhibitor interactions. So far the struc-
tures of barnase (in crystal [6,7] and in solution [8]), barstar in
solution [9], and of barnase-barstar complex in crystal [10],
have been determined, and crystal structures of wild-type bi-
nase (resolution 3.2 A) and of HIOIN binase mutant (resolu-
tion 2.2 A) have been obtained [11,12].

Previously [13] we reported 'H resonance assignment and
secondary structure of binase based on the sequential NOEs,
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Abbreviations: NMR, nuclear magnetic resonance; 2D, two-dimen-
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lated spectroscopy; TAD, torsion angle dynamics; PDB, Brookhaven
Protein Data Bank; rmsd, root mean square deviation

secondary chemical shift indexes, hydrogen-deuterium ex-
change data, and HN-C*H spin-spin coupling constants.
Here we present the high-resolution structure of binase in
solution and compare it with binase crystal and barnase sol-
ution and crystal structures.

2. Materials and methods

2.1. Protein expression and sample preparation

Binase was expressed in E. coli XL1 strain [14] and then purified as
described in [13]. Lyophilised protein was dissolved in 20 mM potas-
sium phosphate buffer (pH 6.7) and purified from paramagnetic ions
by electrodialysing against the same buffer. Sample was concentrated
in an Amicon cell with UM-2 membrane to 10 mg in 500 pl of the
buffer and then 100 pl of 2H>O was added yielding a final protein
concentration of approximately 1.5 mM. The sample was lyophilised
and dissolved in 2H,O for NMR experiments in 2H,O.

2.2. NMR measurements

All NMR experiments were performed on Varian Unity 600 spec-
trometer. NOESY [15] spectra with mixing time (1,,) of 40, 100 and
200 ms and DQF-COSY [16] spectra were recorded in H,O and
2H,0. All 2D spectra were recorded in the phase-sensitive mode at
30°C with relaxation delay of 1.2 s. The water signal was suppressed
by WATERGATE [17] in the NOESY experiments in H,O and by
continuous irradiation during the relaxation delay in the DQF-COSY
experiment in HyO.

2.3. Distance constraints

Proton resonance assignments of binase were reported previously
[13]. Assigning of cross-peaks in NOESY spectra and measuring of
their volumes were performed using XEASY program [18]. To avoid
spin diffusion effect NOESY spectra with mixing time of 40 ms were
used to derive distance constraints. Upper interproton distance con-
straints were calculated from NOE cross-peak volumes, which relative
errors [18] were less than 0.1, using CALIBA subroutine in DYANA
program [19].

35 NH protons, which signals were detected in spectra recorded at
8 h after protein solubilisation in 2H,O, were supposed to be involved
in hydrogen bonding. The acceptors of hydrogen bonds were found
from the pattern of NOE connectivities between B-strands and from
the analysis of preliminary set of 20 structures. Hydrogen bonds were
constrained when they were observed in at least 80% of preliminary
structures. Eight distance constraints were introduced for 29 back-
bone-backbone hydrogen bonds to satisfy distance and angle criteria
for hydrogen bonds [20]: four upper (3.3, 2.3, 4.6, 3.6 A) and four
lower (3.0, 1.9, 4.2, 3.2 A) for O.N, O..HN, C.N, and C.HN dis-
tances, respectively. For two hydrogen bonds between backbone
amide groups and side-chain oxygens (Ile-50 HN-CYO Asp-74 and
Leu-94 HN-OY Ser-90) were introduced four distance constraints —
two upper: HN..O 2.3 A and N..O 3.2 A, and two lower: HN..O
1.9 A and N..O 2.8 A [21].

2.4. Angle constraints

HN-C*H spin-spin coupling constants were determined by the IN-
FIT program [22] analysis of nonoverlapped NOE cross-peaks be-
tween corresponding amide proton at m, frequency and aliphatic pro-
ton of a neighbouring residue. HC*-CPH spin-spin coupling constants
for Val, Ile, and Thr residues were determined by the INFIT program
analysis of nonoverlapped NOE cross-peaks between corresponding
C®H proton at m, frequency and aliphatic proton of a neighbouring
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Table 1
Analysis of the 20 best DYANA and FANTOM binase structures
Parameter Quantity DYANA FANTOM
target function (A2) 1.1740.03
energy (kcal/mol) —702+6
no. of distance constraints NOE 903/0 903/0
(upper/lower) H-bond 120/120 120/120
no. of torsion constraints ¢ angle 75 75
x' angle 38 38
upper constraint >02 A 0.3+0.1 0
violations (A) maximum 0.24 0.15
lower constraint >02 A 0 1.5£0.3
violations (A) maximum 0.14 0.24
van der Waals constraint >02 A 1.2+0.1 0
violations (A) maximum 0.48 0.16
angle constraint >3° 0.1+0.1 0
violations (deg) maximum 3 1.7
rmsd of residues (A):
1-109 backbone 1.14+0.22 1.25+0.18
all heavy atoms 1.89+0.22 2.05+£0.22
3-35, 40-55, 68-75, 84-109 backbone 0.47+0.12 0.65%0.13
all heavy atoms 1.23+0.15 1.37+0.16

residue in NOESY spectrum recorded in *H,O. HC®-CPH spin-spin
coupling constants for the residues containing two chemically un-
equivalent CPH protons were calculated from the DQF-COSY spec-
trum recorded in 2H;0. An active constant of C*H/CPH cross-peak
was estimated by measuring antiphase splitting and the passive one
was calculated by in-phase doublet analysis via the INFIT program.

Angles ¢ were constrained by the crossing of the regions allowed for
angle ¢ from the coupling constant [23] and from the intraresidual and
sequential NOE cross-peaks. If NOE data were insufficient to bound
the ¢ angle it was not restricted at all.

Stereospecific assignment and ! angle constraints were obtained by
standard method [24] using intraresidual and sequential NOEs and
HC*-CPH spin-spin coupling constants.

2.5. Structure calculation

Structures were calculated by using simulated annealing procedure
in DYANA program [19]. X-Pro peptide bonds were considered as
trans being proved with characteristic NOE pattern. A calculating
strategy consists of four steps:

1. Generating of an initial structure set basing on unambiguously
assigned NOE cross-peaks and unambiguously determined angle ¢
ranges.

2. Iterative reassigning of ambiguous and overlapped NOE cross-
peaks using calculated at previous step structures and generation of
new structures set, which accounts for new distance and angle con-
straints.

3. Stereospecific assignment and ! dihedral angle constraints cal-
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Fig. 1. Histogram of number of NOE constraints for binase residues by ranges: open bars, intraresidual and sequential constraints; gray bars,
medium-range (2-5 residues apart) constraints; and black bars, long-range (more than five residues apart) constraints.
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culation as well as determination of hydrogen bond acceptors using
the preliminary structure set obtained at step 2.

4. Calculation of a final set of structures using all constraints sum-
marised in Table 1.

The default DYANA simulated annealing protocol [19] with 5000
steps of high-temperature TAD and 200 steps of zero-temperature
TAD [19] followed by conjugate gradient minimisation was applied
to 100 random structures. Resulted 20 structures were chosen from
100 obtained according to their standard DYANA target function [19]
values.

Constrained energy minimisation of the 20 best DYANA structures
was performed in the FANTOM program [25] using ECEPP/2 poten-
tial. The contribution of electrostatic interactions to the conforma-
tional energy was calculated with a dielectric constant proportional
to the distance between interacting atoms. A pseudoenergy term was
introduced for distance and torsion angle constraints to avoid the
structure ‘drift’ from the experimental data. Pseudo-force-field con-
stants were taken equal to 3.2X 107 kT/AS for distance constraint
violations and kT/2 degrees for angle constraint violations. A 1000
step Raphson-Newton minimisation was performed yielding struc-
tures with the energy of —702+ 6 kcal/mol.

3. Results and discussion

3.1. Binase spatial structure

The used distance and torsion angle constraints as well as
some characteristics of the obtained binase structure are sum-
marised in Table 1. Totally, 437 intraresidual, 270 sequential,
72 medium-range, and 124 long-range [19] interproton dis-
tance constraints were used in calculations (Fig. 1). Both the
DYANA and FANTOM sets of structures are in good agree-
ment with experimental restraints (Table 1). An average pair-
wise rmsd of the final 20 DYANA (FANTOM) structures is
1.14+£022 A (1.25+0.18 A) for backbone atoms and
1.89+0.22 A (2.05+0.22 A) for all heavy atoms, respectively.
The rmsd between mean DYANA structure and mean FAN-
TOM structure is 0.89 A for backbone atoms and 1.17 A for
all heavy atoms.

Binase contains three o-helices and two B-sheets (Fig. 2).
Helices I and II (residues 6-16 and 26-32, respectively) are

parallel
-sheet
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Fig. 2. Schematic presentation of binase spatial structure in solu-
tion. Secondary structure elements are shown by ribbons: o-helices
are ribbon helices and B-strands are ribbon arrows. The remained
regions are shown in ‘sausage’ representation. The thickness of the
sausage is proportional to the atomic root mean square displace-
ment of the corresponding region. o-helices are numbered (I, II,
III), loops and N- and C-termini are denoted. The picture was gen-
erated with the MOLMOL program [28].

regular: all backbone angles are close to the typical o-helical
values. For four backbone amide groups of the residues in-
volved in the o-helices (11, 14, 17 and 29) and exhibiting slow
hydrogen-deuterium exchange, the acceptors of hydrogen
bonds were not determined unambiguously. For them there
were two possibilities to constrain hydrogen bond: NH(i)-
CO(i—3) and NH()-CO(i—4). The single turn of helix III
includes residues 41-44 and Ala-45 amide group, which is
hydrogen bonded to Leu-41 carbonyl group.

Two B-sheets are found in binase (Fig. 3): five-stranded
antiparallel (residues 51-55, 70-75, 86-90, 94-99, and 104—

antiparallel B-sheet

Fig. 3. B-structure of binase. Backbone atoms of B-strand regions of 20 FANTOM structures were superimposed. Backbone is shown in black,

hydrogen bonds are in gray.
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Fig. 4. Angular order parameters and local rmsd of 20 FANTOM
structures. Secondary structure elements of binase are shown at the
top by rectangles, empty for o-helices and filled for B-strands.

108, strands I-V, respectively) and small two-stranded parallel
(residues 22-24 and 49-51). The hydrogen bonding in the
antiparallel B-sheet is regular except for the strand I where
is a B-bulge of classical type [26], formed by residues Gly-52
and Asp-53. The hydrogen bonds that stabilised the parallel
B-sheet are NH(24)-CO(49), NH(49)-CO(22), and NH(51)-
CO(24). Strands IIT and IV of antiparallel -sheet are con-
nected with type I B-turn (residues 90-93) and strands IV and
V are connected with type III' B-turn (residues 100-103).

The secondary structure elements form two compact re-
gions linked by strand T of antiparallel B-sheet. The first re-
gion is composed of strands II, III and IV and packed onto
them helix I forming a hydrophobic core of the protein. 45
NOE contacts were observed between side-chain protons in
the o/f interface. The hydrophobic side-chain packing within
the core is so tight that it causes slow rotation of Tyr-89
aromatic ring [13]. Strands I and V have no contacts with
helix I. The second compact region is formed by helices II
and III and parallel B-sheet.

Binase has three loops (residues 36-39, 56-67, and 76-83)
(Fig. 2). The side-chain of Leu-62 of the 56-67 loop is packed
into the hydrophobic ‘pocket’ formed by Phe-55, Trp-70, Val-
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88, Tyr-96, Tyr-102 and Phe-105. 17 side-chain/side-chain
NOE contacts were detected between these residues and
Leu-62. The hydrophobic interactions of Leu-62 hold the ori-
entation of the 56-67 loop relative to the antiparallel B-sheet
(Fig. 3).

Backbone torsion angle order parameters [27,28] and local
rmsd values (Fig. 4) show that the regions with regular sec-
ondary structure are well-defined but loop regions remain
undefined (Fig. 3). After the exclusion of two N-terminal
and loop residues the rmsd becomes 0.4710.12 A
(0.65+0.13 A) for backbone atoms and 1.23+0.15 A
(1.37£0.16 A) for all heavy atoms of DYANA (FANTOM)
structures. The loops along with two N-terminal residues have
only a few experimental constraints (Fig. 1). Generally, loops
are the worst-defined areas in NMR-derived structures [29].
The lack of experimental data for the binase loops could be
explained by high flexibility of these regions.

3.2. Comparison of binase and barnase

The structure of binase in solution is very similar to the
crystal structures of binase (3.2 A resolution, [11]) and binase
H101IN mutant (2.2 A resolution, PDB code 2rbi, [12]). Bar-
nase crystal structure [7] (PDB code 1bni) as well as binase
crystal structures has a global fold similar to the NMR binase
structure. All B-sheets, B-turns and three o-helices are the
same in these structures.

Barnase and binase crystal structures contain also a small
helix formed by residues 36-38 (here and below we use binase
numeration). The corresponding regions of barnase [§] (PDB
code 1bnr) and binase in solution are flexible loops. Evidently,
crystal packing forces are responsible for the stabilisation of
this region.

Binase is more stable than barnase (temperatures of heat
denaturation are 56.3 and 54.3°C for binase and barnase,
respectively [30], and the difference in free energy of unfolding
is 0.93 kcal/mol [5]). The differences in stability and enzymatic
activity between barnase, binase, and their mutants and hy-
brids were analysed being based on crystal structures of binase
and barnase. However, as it was discussed above, crystal
packing forces essentially affect spatial structures of the pro-
teins and therefore solution structures might be more relevant
for the analysis.

The structure of barnase in solution contains only two (I
and II) o-helices and five-stranded antiparallel -sheet. The
disrupted helix-like structure in 41-45 region of barnase [§]
corresponds to the well-defined a-helix III of binase in solu-
tion. The sequences of this region of barnase and binase dif-
fer: Asp-43 in barnase is substituted for Glu residue in binase
(D43E"). Clearly, this substitution stabilises the o-helix IIT
due to disposition of the polar carboxyl group from hydro-
phobic side-chains of the surrounding residues. Interesting to
note is that binase and barnase crystal structures are identical
in this region in spite of D43E substitution [5] but an increase
of stability of D43E barnase mutant was observed [5] and
explained [31].

It was found that a 25-109 hybrid protein (N-terminal part
from barnase and residues 25-109 from binase) is an excep-
tion from the inverse relationship between thermostability and

1" Here and below the difference between barnase and binase se-

quence is designated in the following way: barnase residue, the num-
ber of corresponding binase residue, the corresponding binase residue.
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enzymatic activity for the barnase-binase hybrids [30,32]. The
25-109 hybrid exhibits binase-like activity because all catalytic
and substrate-binding residues [33] of the protein are from
binase. The explanation of its lowered thermostability follows
from the comparison of the binase and barnase structures in
solution rather than in crystal. The residues 22-24 and 49-51,
composing parallel B-sheet in binase are the same in barnase,
but the B-sheet is not present in barnase in solution [8]. There
are four differences nearby the B-sheet (Q14I, TI5SR, HI17K
and K18R). Supposing these substitutions to be responsible
for the parallel B-sheet stability it is highly probable that the
25-109 hybrid as well as barnase has no parallel B-sheet in
solution, which result in its lowered thermostability. The ex-
istence of the parallel B-sheet in barnase in crystal [7] is, prob-
ably, caused by crystal packing stabilisation.

The residues involved in the catalytic mechanism of binase
and barnase [33] are conservative: Glu-72 and Arg-86 in anti-
parallel B-sheet and His-101 in the B-turn connecting strands
IV and V of this B-sheet. In spite of three differences (I87L,
L88V and Q103A) nearby the catalytic residues, both X-ray
and NMR studies [7,8,12] do not reveal differences between
spatial structures of the catalytic site are not able to explain
the difference in the enzymatic activities of binase and barnase
[5,32].

However, binase and barnase have one more site, crucial
for their enzymatic activity and it was found that the most
changes in barnase structure caused by substrate [34] and
barstar binding [10,35] occur in this region. This is the loop
56-67, which is responsible for substrate binding and takes
part in barstar binding with the ‘induced fit’ mechanism
[10,35,36]. The loop is common for microbial ribonucleases
and residues Phe-55, Asn-57 and Glu-59, involved in guanine
base binding, are strongly conserved [36]. Barnase and binase
differ in the sequence of this loop by three residues: K61R,
G64S and K65A. The loops 56-67 of binase and barnase in
crystal have identical conformations, stabilised by crystal
packing forces. In solution in both proteins this loop but
Leu-62 residue is poor-defined. It seems that in binase as
well as in barnase the loop 56-67 is flexible to provide the
induced fit both to substrate and to barstar. Thus an explan-
ation of the differences both in catalysis and in barstar bind-
ing of barnase and binase [4,3] would require structural and
dynamics data for corresponding complexes.

3.3. Conclusions

The main structure elements and folding of binase and bar-
nase are the same both in crystal and in solution. However,
several regions of these proteins differ in solution but are
similar in crystal. The differences in thermostability of binase,
barnase and their hybrids are explained by the differences in
solution structures of binase and barnase. Differences both in
enzymatic activity of binase and barnase and in dissociation
constants of their complexes with barstar is determined by the
differences in the flexible loops. That is why the structural
data along with the data on the dynamics of binase, barnase,
and their complexes in solution are needed to explain the
differences in binase and barnase functioning.
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