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Barstar, a polypeptide inhibitor of ribonucleases, has been studied by 2D and 3D NMR techniques using uniformly *N-labeled protein. Backbone

(*NH-C,H-C4H) resonances were assigned for all but 5 of the 89 residues. Dihedral angle and deuterium exchange studies were used in conjunction

with medium range inter-proton NOEs to characterize the secondary structure of barstar. The protein is composed of four a-helices and three short

stretches of extended strand. By further analysis of the NOE data three of the helices were found to be parallel to each other with the single disulphide
bond linking the second and fourth helices at their C-terminal ends.

Sequence-specific NMR assignment; Barnase; Barstar

1. INTRODUCTION

Barstar is an intracellular, 89 residue polypeptide in-
hibitor of barnase, an extracellular endoribonuclease
from Bacillus amyloquefaciens [1]. The one-to-one inter-
action between the proteins has evolved to be extremely
tight (K of 2 x 107%) [2). This interaction is presumably
essential to avoid degradation of intracellular RNA by
any internally-expressed barnase.

The interaction is ideal for a model system to study
molecular recognition by NMR, the complex being only
199 amino acids. Crystal [3] and solution [4] structures
for barnase are available. To date there is no structural
information on barstar. Far-UV circular-dichroism
measurements on barstar indicate that the protein is
predominately helical (unpublished data). Consistent
with this, we have found that 2D homonuclear NMR
spectra are poorly dispersed in the C H region. Assign-
ment of mainly helical proteins is difficult by conven-
tional 2D homonuclear techniques due to spectral over-
lap and chemical-shift degeneracies. To simplify the
task, the protein can be uniformly N labeled so that
a variety of three-dimensional NMR techniques can be
used.

In this paper we describe the assignment of the back-
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Abbreviations: NMR, nuclear magnetic resonance; 2D, two-dimen-
sional; 3D, three-dimensional; NOE, nuclear Overhauser enhance-
ment; NOESY, two-dimensional NOE-correlated spectroscopy;
TOCSY, total correlated spectroscopy; HMQC, 'H-detected hetero-
nuclear multiple quantum correlation; HSQC, 2D 'H-detected hetero-
nuclear single quantum correlation.
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bone 'H and '*N resonances, and many of the side-chain
'H resonances by two- and three-dimensional homonu-
clear and heteronuclear NMR. In addition, using NOE,
*June coupling constant, and hydrogen-exchange data,
we also outline the regions of secondary structure within
the protein, and their possible topology.

2. MATERIALS AND METHODS

2.1. Barstar preparation

Barstar was purified from the E. coli strain BL21(DE3)[pLysE]
harbouring the barstar expression plasmid pML2bs. The method of
preparation will be described elsewhere. For unlabeled barstar, the
bacteria were grown in 2 X TY medium. For uniformally **N-labeled
protein bacteria were grown in Celtone-N medium (Martek). A 34
mM sample of pure barstar could be produced from half a litre of
culture. Unlabeled or labeled samples were produced by extensively
dialysing the protein against 10 mM potassium phosphate pH 6.6 and
concentrating it in an Amicon 8MC concentrator with a YM2 mem-
brane to 2.5-3.5 mM. H,O samples contained 10% D,0. For D,0
samples the solvent was extensively exchanged for 10 mM deuterated
potassium phosphate pH 6.6 (uncorrected) in the concentrator. All
samples contained 0.05% sodium azide.

2.2. NMR measurements

All NMR experiments were carried out on a Bruker AMX 500
spectrometer equipped with a triple-resonance 'H/"*N/3C probe op-
timised for proton detection. All experiments were performed at 305
and 283 K. Homonuclear COSY [5], TOCSY [6,7] and NOESY {8,9]
experiments were recorded with 2048 complex data points in t, and
512 increments in t; with a spectral width of 8000 Hz in both dimen-
sions. 64 transients for each increment were collected. Phase-sensitive
two-dimensional spectra were obtained by the time-proportional
phase incrementation method (TPPI) [10,11]. Solvent suppression was
achieved by on-resonance presaturation of the solvent signal. NOESY
and TOCSY mixing-times were 150 and 50 ms, respectively. Spectra
were zero-filled to 2048 x 1024 real data points along f, and f, respec-
tively. Mild (#/3) sine-bell window functions were used in both dimen-
sions.
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2.3, Heteronuclear NMR experiments

2D 'H-*N HSQC spectra [12,13], 3D HMQC-NOESY-HMQC [14]
3D NOESY-HMQC and 3D TOCSY-HMQC experiments {15] were
acquired. The latter two experiments had mixing times of 150 and 41
ms respectively, and TPPI was used in both t, and t,, A DIPSI-2
mixing sequence [16] was used in the TOCSY-HMQC experiment. In
all experiments the "N dimensions were acquired with 64 increments
covering 2,200 Hz and '*N decoupling during acquisition was achieved
using the GARP sequence [171. The N carrier frequency was placed
at 116.3 ppm. In the acquired proton dimension 2,048 complex points
were collected in the HSQC experiment, and 1,024 in the 3D experi-
ments, both over a spectral width of 4,000 Hz. Finally, in the f| proton
dimension in the 3D NOESY and TOCSY experiments 256 increments
were acquired across a spectral width of 6,410 Hz. Solvent suppression
was achieved by presaturation of the solvent signal or using a spin-lock
pulse [18]. The number of transients acquired per increment were § to
32 in the HSQC experiments, 8 in the 3D NOESY and TOCSY
experiments, and 32 in the HMQC-NOESY-HMQC experiment.
Chemical shifts were measured relative to external TSP (0.0 ppm 'H)
and N ammonium sulphate (24.93 ppm). The 3D experiments were
processed using FELIX (Hare Research Inc.) on an SGI Personal Iris
4D/35. The 3D TOCSY and NOESY were zero-filled to give a final
matrix of 512 X 128 x 512 real data points . The final matrix size of
the HMQC-NOESY-HMQC experiment was 512 X 128 x 128, In all
spectra, mild Lorentzian-Gaussian window-functions were applied to
the acquired dimensions, and #/3 shifted sine-bells were used on all
other dimensions. Yy, coupling constants were measured by the
method described in [19] at 305 K.
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3. RESULTS AND DISCUSSION

The 2D HSQC spectrum of uniformly *N-labeled
barstar was the 'H-"*N template from which the assign-
ments were extended (Fig. 1). In total, 77 'H-"*N back-
bone cross-peaks were resolved in the HSQC spectrum
at 305 K, and a further 5 peaks were observed at 283 K.
This still did not account for all the backbone amide
protons in barstar (86 should theoretically be seen). The
number of peaks did not increase using the spin-lock
method of solvent suppression. The undetected amide
protons are most likely to be in fast-exchange with sol-
vent water molecules.

The sequential assignment of barstar was performed
by the method of Wiithrich [20]. Through-bond intrare-
sidue ‘spin-systems’ were determined using the 3D
TOCSY-HMQC experiment. Each spin-system was
classed with either a specific type of amino acid or range
of types. Other spin-system information (especially the
shifts of aromatic side-chain resonances) were obtained
by analysing the 2D homonuclear COSY, TOCSY and
NOESY spectra of unlabeled protein.

The 3D NOESY-HMQC was used to connect the
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Fig. 1. The "H-"N HSQC spectrum of "N-labeled barstar recorded at pH 6.6 and 32°C. The "H-'*N backbone assignments listed in this paper
are indicated.
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Fig. 2. Series of amide strips taken from identical regions of the 3D TOCSY-HMQC spectrum (a) and 3D NOESY-HMQC spectrum (b) both

recorded at 32°C. The residue assignments and N chemical shifts are given above the TOCSY strips. Also in the TOCSY, a and § indicate the

intra-residue NH-C,H and NH-C;H cross-peaks respectively. In the NOESY spectrum, NH-NH and CgH-NH sequential connectivities are

indicated by solid lines. The NH-NH NOE between E80 and G81 was not observed due to the chemical shift degeneracy of their amide proton
shifts. The NOE was obseved, however, in the 3D HMQC-NOESY-HMQC spectrum.

spin-systems. The observed NOEs were mainly NH-NH
rather than C,H-NH as was expected for a highly a-
helical protein. In places where the NH-NH sequential
NOE was not observed due to the amide proton shifts
of both NHs being equal, connectivities were made
using the HMQC-NOESY-HMQC experiment. CgH-
NH NOEs were also useful in sequentially linking the
spin-systems. Once stretches of connectivity between
spin-systems were found, the chains of spin-system
amino acid identities were fitted into the primary se-
quence of barstar. An example of this procedure is
shown in Fig. 2. Stretches of connectivity were broken
either by a proline residue or by the next residue being
one of those for which no 'H-"*N cross-peak was ob-
served in the 2D HSQC spectrum. In addition, stretches
of connectivity in loop regions were sometimes broken
due to weak or ambiguous NOEs. At the end of the
assignment, the remaining spin-systems could be in-
serted into the primary sequence by a process of elimi-
nation. In this way, all the residues corresponding to an
HSQC peak were fitted into the primary structure of the
protein (Fig. 1). The full assignments are listed in Table

1. Interestingly, a cross-peak was observed for the N-
terminal residue in the 2D HSQC spectrum (at 283K)
which is an indication that one of its amine protons is
hydrogen-bonded.

The configuration of the two proline residues was
determined by examining the 3D spectra and also the
2D homonuclear spectra. A medium dyys(i, i+1) NOE
between leucine 26 and proline 27, and a strong d,,(i,
i+1) NOE between tyrosine 47 and proline 48 indicates
that the prolines are in the frans and cis configurations,
respectively.

Short and medium range NOEs were analysed in
order to give insight into the secondary structure of the
protein. Stretches of dyy.n, dan(i, i+3), dy(i, i+3) and
d (i, i+4) connections are characteristic of co-helical
regions. Stretches of strong 4, connectivity are charac-
teristic of extended strand [20]. Further information on
secondary structure was obtained from coupling con-
stant and hydrogen-deuterium exchange data. 3Jyy,
coupling constants under 6 Hz are characteristic of a
helical backbone configuration, while those over 7.5 Hz
are indicative of an extended backbone configuration.
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Table I
'H and "N Chemical shifts of barstar in water at 32°C (pH 6.6)
Amino acid® Chemical shift (ppm)>*¢
N NH aH SH yH oH Other

Lys 1 130.9 8.43 4.4 1.74, 1.65 1.20

Lys 2 130.2 8.63 5.31 1.81, 1.60 1.39, 1.24

Ala 3 133.9 9.12 4.96 1.16 (Me)

Val 4 127.7 8.93 4.90 1.85 0.88(Me)', 0.71(Me)?

Le 5 129.7 8.90 3.89 1.16 0.71, 0.48, —0.02(Me) —-0.16(Me)

Asn 6 130.5 8.92 490 2.70%, 2.87° 1.49, 6.92 PN, 115.5

Gly 7 117.5 8.49 4.55, 3.72

Glu 8 124.6 9.73 4.25 2.13, 1.98 2.33

Gln 9 121.2 7.96 4.40 2.36, 2.00

Ile 10 124.2 7.09 4.18 2.28 0.94(Me)

Arg 11 127.6 9.18 4.56 211, 1.81 1.68

Ser 12 113.8 7.72 4.79 4.65, 4.18

Ile 13 126.4 9.50 4.18 2.13 1.69, 1.02(Me)

Ser 14 122.3 8.18 4.55 4.03, 4.00

Asp 15 125.7 8.00 4.49 3.07% 2.95°

Leu 16 126.0 7.78 2.29,1.57 1.68 0.79(Me), 0.69(Me)

His 17 122.3 8.21 4.41 3.33% 3.08°

Gin 18 123.0 8.69 4.11 2.16, 2.31

Thr 19 122.7 8.27 4.34 4.12 1.23(Me)

Leu 20 125.6 8.46 3.72 2,122,112 1.78 0.83(Me), 0.69(Me)

Lys 21 122.6 8.27 4.12 2.14, 1.96

Lys 22 1214 7.46 4.21 2.05, 1.60

Glu 23 122.1 9.04 4.13 1.76%, 2.17°

Leu 24 117.8 8.26 4.35 1.75, 1.63 0.87(Me)

Ala 25 126.0 7.46 4.18 1.46(Me)

Leu 26 120.4 7.97 4,02 1.24°, 1.04> 1.58 0.59(Me), —0.14(Me)

Pro 27 397 1.97, 1.85 2.15 3.40

Glu 28 123.2 8.57 3.84 2.00, 1.98 2.28

Tyr 29 1144 6.44 4.58 3.322,2.83° 7.02 HE, 6.82

Tyr 30 126.8 7.41 429 3.09%, 2.57° 7.00 HE, 6.81

Gly 31 119.1 8.05 3.80, 3.34

Glu 32

Asn 33 114.0 6.49 4.46 3.06%, 2.78% 1701, 7.05 ¥N, 119.1

Leu 34 123.0 8.69 423 2.07, 2.00 164 1.05(Me), 0.95(Me)

Asp 35 125.8 8.23 4.60 2.82% 2.65°

Ala 36 126.9 8.48 4.38 1.39(Me)

Leu 124.1 8.37 4.27 2.25 0.90(Me)

Trp 38 123.8 8.45 4.25 3.032, 2.88° 7.40 HEI1, 10.14; HE3, 7.60;
£“N, 133.6; HH2, 6.98;
HZ2, 7.57, HZ3, 7.04

Asp 39 124.7 8.35 4.47 3.17,2.88

Cys 40 120.9 8.35 4.74 3.17, 2.88

Leu 41 125.2 8.91 421 1.66, 1.23 1.75 0.71(Me), 0.24(Me)

Thr 42 112.5 7.86 4.27 4.15 0.31(Me)

Gly 43 113.4 7.59 4.64, 3.85

Trp 44 125.7 8.46 4.66 3.60, 3.46 6.84 HEIl, 10.28; HE3, 7.78;
£®N, 133.9; HH2, 7.36;
HZ2, 7.52; HZ3, 7.28

Val 45 123.2 7.99 371 1.92 0.97(Me)!, 0.62(Me)y’

Glu 46 128.8 7.52 415 2.02,1.72

Tyr 47 125.5 7.91 4.48 3.29, 2.65 7.12 HE, 6.69

Pro 48 5.21 3.66, 2.66 2.58, 2.10 3.82, 3.60

Leu 49 127.1 8.80 5.41 1.99%, 1.74° 148 1.02(Me), 0.87(Me)

Val 50 132.9 9.04 4.71 1.98 0.99!, 0.882

Leu 51 134.3 9.17 497 1.79, 0.78 1.15 0.39(Me), 0.10(Me)

Glu 52 132.8 9.11 5.18 2.16% 2.03°

Trp 53 5.21 3.61, 2.71 7.28 HE1, 9.68; HE3, 7.19;

84
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Table I (continued)
'H and N Chemical shifts of barstar in water at 32°C {(pH 6.6)

Amino acid® Chemical shift (ppm)>=<
BN NH aH BH yH éH Other
Arg 54 129.3 8.99 4.87 2.08
Gln 55
Phe 56 3.68 2.1 5.74 HE, 6.28; HZ, 6.61
Glu 57 122.2 923 3.65 2.06
Gln 58 1233 793 4.17 2.50, 2.18
Ser 59
Lys 60 1279 8.06 3.53 1.90, 1.43
Gin 61 122.8 7.78 4.18 2.58,2.26
Leu 62 123.6 8.17 4.35 197,175 194 1.24(Me), 1.00(Me)
Thr 63 108.4 7.39 4.61 4.16 1.12(Me)
Glu 64 128 8.35 4.10 2.28, 2.24
Asn 65 115.3 8.89 4.28 3.17 7.54, 6.88 N, 116.2
Gly 66 116.2 8.76 4.14, 391
Ala 67 124.4 8.39 4.19 1.18(Me)
Glu 68 119.9 1.77 4.17 2.34,2.12
Ser 69 119.2 7.68 4.38 4.15
Val 70 125.6 7.54 3.76 2.47 1.13(Me)', 0.97(Me)*
Leu 71 1248 8.36 4.40 2.04, 1.48
Gln 72 1214 8.42 3.99 2.36,2.28
val 73 123.6 7.61 392 2.38 1.08(Me)', 1.38(Me)?
Phe 74 120.6 7.61 4.14 3572, 2.96° 7.55 HE, 7.15; HZ, 7.10
Arg 75 122.1 8.46 397 2.1
Glu 76 126.8 8.95 4.28 2.39,2.20 2.55
Ala 77 128.6 8.67 4.17 1.48(Me)
Lys 78 1249 8.28 487 1.96%, 2.27°
Ala 79 1271 8.15 424 1.68(Me)
Glu 80 121.1 1.75 4.49 2.58%, 2.24°
Gly 81 109.6 1.79 4.52, 3.69
Cys 82 124.6 7.89 3.83 2.10%, 1.64°
Asp 83 128.5 7.85 4.55 2.582, 2.87°
Ile 84 1304 7.50 5.14 1.55 1.16, 0.95(Me)
Thr 85 130.2 8.84 411 4.62 1.20(Me)
Ile 86 132.3 9.16 4,57 1.63 0.63(Me)
e 87 135.6 9.36 419 1.62 0.75(Me)
Leu 88 133.1 8.66 5.06 1.51, 1.23
Ser 89 134.9 9.10 5.09 345

* Residues in italics were only assignable using spectra recorded at 283 K. Underlined residues did not exhibit either an 'H-"*N crosspeak in the
HSQC experiment or a fingerprint peak in the homonuclear 2D COSY experiment at 305 or 283 K and their backbone assignments could therefore

not be obtained.

b Protons that were stereospecifically assigned have superscript numbers after their assignments. HB2 and HB3 in the SH column are indicated
by 2 and 3, respectively. HG1 and HG2 in the yH column are indicated by ! and 2, respectively.

° Methyl proton assignments have (Me) after them.
4 Underlined assignments are made tentatively.

Amide protons that do not exchange when placed in a
D,0O buifer are thought to be either involved in hydro-
gen bonds or significantly shielded from solvent mole-
cules. Fig. 3 shows a summary of all this information.

Although absolutely defining the start and end of
elements of secondary structure awaits further struc-
tural analysis, the data suggest the following features.
The protein consists of three well-defined a-helices (res-
idues 15-26, 33-42, 69-80), one less-defined short helix
(around residues 60-65), two well-defined stretches of
extended strand (residues 1-5, 49-53) and one less-de-
fined stretch (residues 85-89). The helices were termed

1, 2, 3 and 4 in order of position in the primary struc-
ture.

Analysis of the 2D proton and 3D heteronuclear
NOESY experiments yielded 813 NOEs: 343 intra-resi-
due NOEs, 380 [i~/] < 5 and 90 [i—j] 2 5. The distribu-
tion of the NOEs is indicated by the diagonal plot in
Fig. 4. The pattern of long range NOEs was used to
define a tentative topology for the secondary structure
elements of barstar (Fig. 5). Helices 1, 2 and 4 form a
parallel helix bundle and are connected by long over-
hand connections. The dipoles of the three helices are
orientated in the same direction which may have a func-
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tional significance. The third, short, helix is situated in
the middle of a long loop. The disulphide bond in
barstar is consistent with the observed NOEs. It con-
nects the second and fourth helices at their C-terminal
ends.

Too few NOEs were observed between the extended
strands to be able to orientate them unequivocally.
Those NOEs that were assigned are consistent with the
first and second stretches of extended strand forming a
parallel sheet. Even at 283 K, the HSQC cross-peaks of
the third strand are rather broad, and long-range NOEs
from their amide protons are not observed. However,
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Fig. 3. The sequence of barstar together with a summary of the short-
and medium-range NOEs involving NH, C,H and CgH protons. The
NOE intensities are represented by the thickness of the solid bars (the
thickest bars representing strong NOEs). The NN(;, i+1) NOE from
residue 26 to 27 represents an NOE from the amide proton of L26 to
the & proton of P27. Solid circles represent amide protons that are not
fully exchanged 1 h after the protein had been placed into the D,O
buffer (32°C) described in the methods and materials section. Open
circles represent amide protons almost fully exchanged under the
above conditions. The circle under W53 refers to the indole proton of
the side chain of W53. Residues with accurately measured *Jygy, > 7.5
Hz are indicated by solid squares, *Jyy, < 6.0 Hz by open squares.
Residues in italics had an observable 'H-"N HSQC cross-peak only
at 283 K and so NH exchange and J measurements were not obtained
for these residues. Underlined residues did not have observable 'H-’N
HSQC cross-peaks at 305 or 283 K.
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Fig. 4. A diagonal plot showing pairs of amino acids for which an
NOE effect has been observed. The disulphide connectivity is indi-
cated by a cross.

NOEs between the N-terminal ends of the latter two
stands may indicate that the three strands form a paral-
lel B-sheet with the second strand in the centre. The
hydrogen exchange data supports this: residues 49-52
have protected amide protons along its length and
could, therefore, be the central strand of a f-sheet, and
the first and third extended strands have every second
amide proton protected and could, therefore, be the
peripheral strands of a S-sheet.

At this stage we have not assigned enough long-range
NOBE:s to define the tertiary structure of barstar mainly

Fig. 5. A schematic diagram showing the secondary structure topology

of barstar. The start and end of each piece of secondary structure is

labeled with an amino acid number. Helices are represented by cylin-

ders, and extended strands by arrows. The diagram shows the orienta-

tion of the elements of secondary structure but does not represent how
they pack.
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due to the overlap in the methyl region caused by the
large number of leucines in the protein. 'H-"C hetero-
nuclear NMR will be a necessary step in alleviating this
problem (as has been found in other helix-bundle pro-
teins [21,22]). Using the above assignments, we are in
the position to use NMR to determine the structure and
dynamics of barstar in solution as well as to study its
extremely tight interaction with barnase.
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