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ABSTRACT: We present the high-resolution solution structure and '*C assignments of wild-type barstar, an
89 amino acid residue polypeptide inhibitor of barnase, derived from heteronuclear NMR techniques.
These were obtained from measurements on unlabeled, uniformly '*N- and 3C/!*N-labeled, and 10%
13C-labeled barstar samples that have both cysteines (at positions 40 and 82) fully reduced. In total, 30
structures were calculated by hybrid distance geometry—dynamical simulated annealing calculations. The
atomic rms distribution about the mean coordinate positions is 0.42 A for all backbone atoms and 0.90 A
for all atoms. The structure is composed of three parallel a-helices packed against a three-stranded parallel
B-sheet. A more poorly defined helix links the second B-strand and the third major a-helix. The loop
involved in binding barnase is extremely well defined and held rigidly by interactions from the main body
of the protein to both ends and the middle of the loop. This structure will be used to aid protein engineering

studies currently taking place on the free and bound states of barstar and barnase.

One of the tightest and fastest protein—protein interactions
known is the one-to-one interaction between barnase and
barstar (Hartley, 1993; Schreiber & Fersht, 1993). Barnase
is an extracellular endoribonuclease from Bacillus amy-
loliquefaciens (Hartley, 1989). Any barnasethatisexpressed
internally is lethal to the cell. B. amyloliquefaciens, however,
internally expresses an 89-residue polypeptide inhibitor of
barnase, barstar, which interacts with barnase with a dis-
sociation constant (Ky) of 2 X 10-1* M (Hartley, 1993;
Schreiber & Fersht, 1993). In order to express recombinant
barnase in Escherichia coli, the barstar gene must be present
on the same construct (Hartley, 1989). Barstar hasalso been
used in other systems to neutralize the cytotoxic nature of
heterologously expressed barnase, for example, to reverse the
effect of male plant sterility caused by the expression of barnase
(Mariani et al., 1992).

Theinteraction between barstar and barnase is being studied
in this laboratory as a model system to study molecular
recognition by protein engineering (Schreiber & Fersht, 1993),
NMR! (Joneset al.,1993),and X-ray crystallography (Buckle
et al., 1994). Until now, information from protein—protein
interactions has come mainly from protease—inhibitor and
antibody—antigen complexes (Janin & Chothia, 1990). Re-
cently, the first structure of a ribonuclease-polypeptide
inhibitor complex (between barnase and the Cys-40 — Ala
and Cys-82 — Ala double mutant of barstar) was solved to
2.6 A (Guillet et al., 1993) and independently to 2.0 A in this
laboratory (Buckle et al., 1994) by X-ray crystallography.
An advantage of the barnase-barstar system is that the

t The atomic coordinates have been deposited in the Brookhaven Protein
Data Bank (1BTA and 1BTB).

* Author to whom correspondence should be addressed.

® Abstract published in Advance ACS Abstracts, July 1, 1994.

! Abbreviations: pfu, plaque forming units; ppm, parts per million;
IPTG, isopropyl B-D-thiogalactoside; NMR, nuclear magnetic resonance;
2D, two dimensional; 3D, three dimensional; NOE, nuclear Overhauser
effect; NOESY, two-dimensional nuclear Overhauser enhancement
spectroscopy; HMQC, 'H-detected heteronuclear multiple-quantum
correlation; FID, free induction decay; rms, root mean square.
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complex is comprised of only 199 amino acids and thus can
also be readily studied by heteronuclear NMR. The effect
of barstar binding to barnase has been analyzed using this
approach (Jones et al., 1993).

A requirement of studying the complex is that both partners
must be structurally characterized separately. Barnase has
already been well characterized with crystal (Buckle & Fersht,
1994; Buckle et al., 1993; Chen er al., 1993; Mauguen et al.,
1982) and solution (Bycroft er al., 1991) structures. Until
now, there has been no structural information available on
the free structure of barstar. The only structural work done
on a free ribonuclease inhibitor has been on a porcine protein
which is substantially larger than barstar (Kobe & Deisen-
hofer, 1993).

A previous study by NMR using uniformly ’N-labeled
barstar reported the assignment of all but five of the backbone
'H and 3N resonances (Lubienski et al., 1993). The study
also showed that the protein is composed of three parallel
helices, one poorly-defined helix, and a three-stranded parallel
B-sheet using the pattern of the available NOEs and equi-
librium hydrogen exchange and dihedral angle information.
At that stage, the derivation of a three-dimensional structure
was not possible because of the overlap of the resonances in
the methyl region of the homonuclear NOESY spectrum.

In this paper, we report the assignment of the 13C resonances
of barstar by two- and three-dimensional heteronuclear NMR
using 10% 13C-labeled and uniformly !3C/!5N-labeled barstar
samples. Inaddition, we present the high-resolution structure
of barstar and comment on its novel structure,

MATERIALS AND METHODS

Barstar Preparation. Construction of the plasmid contain-
ing the barstar gene, pML2bs, has been described (Jones et
al., 1993). The plasmid was transformed into the E. coli
strain TG2. To express barstar, a M9 minimal medium
(containing 4 g/L glycerol instead of glucose) starter culture
containing ampicillin (50 ug/mL) was grown overnight from
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afrozenstock of TG2[pML2bs]. Five milliliters of the starter
culture was added to a 2-L baffled flask containing 500 mL
of the M9 media described above. The culture was grown
into early log phase at 37 °C with shaking. At Agp = 0.3-
0.4, 5 pfu of M 13 phage containing the gene for T7 polymerase
under the control of the /ac promoter (obtained from the
Invitrogen Corp. XPRESS System kit) was added along with
0.2 mM IPTG, and the culture was grown overnight. All
subsequent operations were carried out at 4 °C. The cell
pellet was resuspended in 50 mM Tris-HCl buffer containing
1 mM phenylmethanesulfonyl fluoride at pH 8. The solution
was sonicated and was centrifuged in a Sorvall SS34 rotor (1
h, 18 000 rpm, 4 °C). The proteins in the supernatant were
precipitated with 80% ammonium sulfate. This was centri-
fuged (Sorvall SS34 rotor, 18 000 rpm, 30 min, 4 °C) and the
pellet was dissolved in a minimal volume of 50 mM Tris-HCI
with 50 mM NaCl, pH 8. The resulting solution was loaded
onto a Pharmacia Superdex75 column and eluted at a flow
rate of 1 mL/min using the same buffer. Column fractions
which fully inhibited barnase at concentrations of 0.1 mg/
mL were combined for an ion exchange step using a Pharmacia
Mono-Q 10/10 column equilibrated in 50 mM Tris-HCI, pH
8. The column was eluted using the same buffer containing
1 M NaCl. Barstar was eluted between 300 and 350 mM
NaCl. The resuiting peak was a single band when analyzed
by SDS-PAGE. The protein was flash frozen in liquid N,
and stored at =70 °C. The two cysteines in the protein were
shown to be almost 100% reduced using iodoacetamide/
iodoacetic acid blocking and the Ellman assay (Hollecker &
Creighton, 1989). Sixty to eighty milligrams of pure protein
could be obtained per liter of M9. The 10% 13C-labeled protein
was prepared by adding 90% of the total glycerol content in
the medium as unlabeled material and 10% as 98% atom !3C-
labeled glycerol (Martek). The '3C/!SN doubly labeled
protein was prepared using 98% atom !3C-labeled glycerol as
the sole carbon source in the medium and 99.3% atom !SN-
labeled ammonium chloride (Isotec Inc.) as the sole nitrogen
source. Two 3 mM samples of pure barstar could be produced
from half a liter of culture.

NMR Sample Preparation. Samples were produced by
extensively dialyzing the products against 10 mM potassium
phosphate, pH 6.7, and concentrating the protein inan Amicon
Centriprep 3 to 2.5-3.5 mM in 450 uL.. To prepare samples
in 90% H,0/10% D,0, we added to the 450-uL solution 50
uL of 10 mM potassium phosphate, pH 6.7, that had been
exchanged into D0 by repeated lyophilization. To prepare
samples in D,0, the protein was concentrated to approximately
1.5 mM in 1 mL of buffered H,O and diluted to 5§ mL with
the deuterated phosphate buffer. This was repeated three
times to reduce further the H,O content. The sample was
then concentrated to 500 uL. All samples contained 0.05%
sodium azide.

NMR Measurements. AllNMR experiments were carried
out on a Bruker AMX 500 spectrometer equipped with a
triple-resonance 'H/15N/13C probe optimized for proton
detection. All spectra were recorded at 305 K. In the 3D
HNHB experiment (Archer et al., 1991), the spectral width
and number of points acquired were 4000 Hz and 256 complex
points in 'H(F}), 5000 Hz and 190 real points in 'H(F,), and
2200 Hz and 64 real points in >N (F3). Solvent suppression
was achieved by on-resonance presaturation of the solvent
signal, and the transmitter frequency was switched to the
middle of the NH region immediately prior to acquisition.
The 15N carrier frequency was placed at 116.3 ppm. Sixteen
transients were acquired per increment. Chemical shifts were
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measured relative to external TSP (0.0 ppm !'H) and SN
ammonium sulfate (24.93 ppm). All other homonuclear and
I5N heteronuclear NMR experiments on barstar have been
described in Lubienski et al, (1993).

The two three-dimensional 13C heteronuclear experiments
that were initially performed with the doubly labeled sample
in D,O were the 13C-'H HCCH-COSY (Kay et al., 1990)
and the BC-'H NOESY-HMQC (Ikura et al, 1990)
experiments. The COSY experiment was used to assign the
13C shifts of many C®, CP, and aromatic carbons, and all
methyl carbons. The NOESY experiment was used to assign
side chain—side chain and side chain-backbone NOEs. The
spectral width and number of points acquired for both
experiments were 6410.25 Hz and 256 complex points in 'H-
(F,), 4300 Hz and 32 complex points in 13C(F,), and 6400
Hz and 256 real points in TH(F;). Solvent suppression was
achieved by on-resonance presaturation of the solvent signal.
The 13C carrier frequency was placed at 39.09 ppm. Sixteen
transients were acquired per increment. 13C chemical shifts
were measured indirectly from the solvent 'H frequency (Bax
& Subramanian, 1986). The NOESY experiment had a
mixing time of 150 ms. The experiments were processed using
FELIX (version 2.10) (Biosym Technologies).

All multidimensional triple-resonance experiments were
performed with the same spectrometer with an external Bruker
fourth channel. All spectra were acquired at 305 K and were
recorded with States-TPPI for the nonacquired dimensions
(Marionet al., 1989a). 3D triple-resonance experiments were
performed as sets of 2D spectra. The carrier frequencies were
setat 4.72 ppm ({H), 121 ppm (}3N), 53 ppm (3C aliphatic),
and 178 ppm (13C carbonyl). Spectra were processed by
FELIX. Insome cases, the number of acquired time points
inthe constant time dimension was doubled using mirror image
linear prediction (Zhu & Bax, 1990). Low-frequency de-
convolution of the acquired FIDs of the spectra recorded in
H,0 was used to reduce the size of the residual H,O signal
(Marion et al., 1989b).

The 3D HNCACB spectrum (Wittekind & Mueller, 1993)
was acquired with 32 scans per increment and spectral widths
of 8000, 9000, and 1500 Hz as 512 X 64 X 26 complex points
inz, ('H), ¢, (13C), and 15 (\’N), respectively. After theinitial
processing of ¢, only the amide region was further processed
and transformed into a 3D matrix of 512 X 256 X 128 real
points. The constant time HNCA (Farmer et al., 1992) and
HNCOCA (Bax & Ikura, 1991) spectra were acquired with
spectral widths of 8000, 3500, and 1500 Hz, as 512 X 32 X
32 (26 for the HNCOCA) complex points with 64 scans per
FID. Carbonyl decoupling in the HNCA experiment was
achieved by low-power GARP decoupling (Shaka et al., 1985).
The constant time HNCO (Grzesiek & Bax, 1992) experiment
was acquired with spectral widths of 8000, 1650, and 1500
Hz as 512 X 32 X 32 complex points with 32 scans per FID
and processed to yield a matrix of 512 X 128 X 128 real
points. Theaforementioned triple-resonance experiments were
performed on a *C/!15N doubly labeled barstar sample in
H,0. The constant time HCACO (Grzesiek & Bax, 1993)
spectrum was acquired using a 13C /15N doubly labeled barstar
sample in D,0 with spectral widths of 4000, 3150, and 3800
Hz as 512 X 32 X 32 complex points in ¢; ('H), £, (13C
carbonyl), and ¢3 (13C,) and 16 scans per FID. Phase-shifted
(sin x)/x pulses were used for the excitation of the carbonyl
region. Processing of the data yielded a final matrix of 512
X 128 X 128 real points.

Details of Structural Restraints. Using previously assigned
'H and 5N resonances, 813 NOE cross-peaks could be
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Table 1: 'H, 13C, and !N Resonance Assignments for Barstar in H,O at pH 6.7, 305 K¢

N’ HN Ca He (04 (o HE
A3 133.90 9.12 47.99 4.96 172.55 20.00 1.16
A25 126.00 7.46 50.70 4.17 175.00 14.78 1.45
A36 126.90 8.48 52.29 4.39 178.84 16.83 1.39
A67 124.40 8.41 53.36 4.07 176.41 17.11 1.17
A77 128.60 8.67 53.69 4.17 178.14 15.33 1.48
AT79 127.10 8.15 52.85 4.25 177.39 15.71 1.68
N’ HN Ca He« (64 Ccs HE
C40 120.90 8.36 61.46 4.47 175.41 25.26 23.17/22.63
C82 124.60 7.90 57.89 3.82 173.50 25.32 22.09/31.66
N’ HN Ce H= C (o HE
D15 125.70 8.01 55.27 4.49 177.62 39.50 23,07/3.294
D35 125.80 8.24 55.65 4.60 176.17 38.48 32.83/22.70
D39 124,70 8.39 53.31 4.24 177.79 38.50 3.07/2.88
D83 128.50 7.87 52.10 4.54 171.17 37.17 22,58/32.86
N’ BN Ca H= C Ch H? H~
E8 124.60 9.73 55.64 425 174.39 26.25 2.13/1.98 2.48
E23 122.10 9.04 56.80 4.13 176.11 28.44 21.75/32.17 2.43
E28 123.20 8.57 57.14 3.84 174.65 27.63 2.00/1.98 2.27
E32 54.40 2.84 170.44 29.60 1.57/1.98
Ed46 128.80 7.51 53.22 4.14 171.12 29.05 2.18/1.80 2.04
E52 132.80 9.08 52.29 5.17 170.06 29.24 32.17/22.02
E57 122.20 9.21 57.71 3.67 177.46 26.73 2.04/2.26
E64 128.00 8.35 56.39 4.10 174.30 25.13 2.26
E68 119.90 7.78 57.65 4.17 176.47 27.06 32.34/22.21 2.12
E76 126.80 8.95 57.23 4.28 177.31 26.81 22.40/%2.21 2.55
E80 121.10 7.75 54.47 4.49 176.71 27.06 32.58/%2.24 2.59/2.77
N’ HN C= He (o4 o H# Ct H? C H: (ol H¢
F56 60.00 3.65 176.38 37.30 2.73 129.51 5.74 128.19 6.28 126.87 6.61
F74 120.60 7.60 61.03 413 176.59 37.12 23.57/32.95 129.98 7.55 128.80 7.15 126.90 7.10
N/ HN C= (64 H«
G7 117.50 8.50 46.22 3.72/4.55
G31 119.10 8.05 43.78 3.34/3.81
G43 113.40 7.60 44.36 174.05 3.84/4.65
G66 116.20 8.77 45.69 174.16 3.91/4.13
G81 109.60 7.79 43.05 172.90 3.67/4.50
N’ HN Ce He C’ (e H? C2 Hé2 Cel Hel
H17 122.30 8.22 60.00 4.41 176.54 29.57 23.33/33.08 117.57 7.10 134.88 7.07
N’ HN Ce He C Ccs H# Ct H»! (ol H? C? H7?

15 129.70 8.89 57.05 3.89 172.54 37.26 1.16 23.40 0.48/0.71 9.85 -0.16 14.40 -0.02
110 124.20 7.09 57.05 4.19 172.26 34.56 2.28 23.93 1.24/1.63 8.90 0.69 17.17 0.95

113 12640 948 6050 418 17511 3596 213 2632  1.69 11.30 100 16.75 1.22
184 13040 750 5770 513 17251 4053 156 2658  1.46 12.90 LIS 1537 095
186 13230  9.16 464  173.24 176 2378 167 1230 085 1522 076
187 13560  9.42 430 172.08 177 2430 141/1.02 1185 079 1506  0.87
N HN C= He c s H$ HY
K1 130.80 8.50 4.56 171.55 1.84/1.90 1.20
K2 130.20 8.63 52.60 5.31 172.43 3231 1.81/1.60 1.27
K21 122.60 8.28 57.51 3.40 176.50 21.97/32.13
K22 121.40 7.46 63.04 421 178.06 30.98 2.05/1.60
K60 127.90 8.05 59.01 3.52 175.16 29.71 1.89/1.45
K78 124.90 8.29 56.86 4.88 178.69 31.01 21.95/32.25
N HN Ce He c s Hé I HY o H! c» H?2

L16 126.00 7.78 56.49 4.07 175.97 39.13 32.29/21.57 24.70 1.42 21.02 0.78 24.27 1.01
L20 125.60 8.46 56.49 3.72 175.94 39.41 22.12/%1.12 23.68 1.77 24.37 0.81 20.50 0.67
L24 117.80 8.27 52.35 4.35 172.75 38.49 1.75/1.63 24.96 1.63 24.17 0.89 22.50 0.83
L26 120.40 797 51.40 4.01 170.52 35.85 21.22/%1.03 23.04 1.58 20.62 -0.15 20.83 0.58
L34 123.00 8.68 56.77 4.23 177.20 37.85 31.64/22.00 24.01 2.07 23.62 1.03 20.75 0.95
L37 124.10 8.37 56.86 4.25 175.88 38.48 22.25/32.30 2491 1.64 18.80 0.88 25.08 0.90
L41 125.20 8.91 55.46 4.21 178.06 38.28 21.66/31.23 23.64 1.77 24.50 0.22 19.45 0.72
L49 127.10 8.80 51.82 5.41 173.41 45.47 31.98/21.73 25.00 1.51 21.83 0.86 24.54 1.02
Ls1 134.30 9.48 50.66 4.97 170.90 42.49 31.77/20.78 24.40 1.15 21.25 0.37 22.40 0.09
L62 123.60 8.19 54.71 4.35 172.45 40.16 21.96/31.74 24.70 1.93 23.30 1.00 20.90 0.97
L71 124.80 8.35 56.62 4.40 176.93 38.47 32.03/21.45 1.48 21.05 0.79 24.35 0.37
L88 133.10 8.59 51.54 5.14 172.37 1.67/1.35 23.92 1.41 22,72 0.40 21.35 0.32
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Table 1 (Continued)

N HN Ce He c c* H6 H®
N6 130.50 8.92 50.61 4.90 173.56 35.58 2270/%2.87 7.49/6.92
N33 114.00 6.50 49.71 4.45 176.54 37.54 23,07/32.83 7.01/7.05
N6S 115.30 8.93 53.73 428 175.03 35.85 3.16 7.54/6
C= He C ] HF HY C He
P27 60.31 3.97 174.68 29.96 31.20/%0.36 0.80/0.13 47.60 2.77/1.67
P48 60.78 5.21 172.38 3375 22,07/%2.65 1.95/2.08 49.45 3.82/3.57
N HN Ce He c s H? Hy
Q9 121.20 7.96 52.89 4.40 173.30 26.64 22,02/%2.33
Q18 123.00 8.68 57.33 4.10 177.08 25.84 2.31 2.63
Q55 4.25 2.32 2.49
Qs8 123.30 7.92 57.42 417 177.91 25.88 2.16
Qsl 122.80 7.77 56.77 4.17 177.63 26.25 2.46/2.26
Q72 121.40 8.42 57.01 4.04 175.62 25.37 32.32/2.27 2.56
N H C= He c s Hf HY
RI1 127.60 9.17 5378 4.56 173.29 28.59 32.11/21.82 1.68
RS54 129.30 8.98 53.40 4.89 174.25 29.00 2.09
R7S 122.10 8.46 58.74 3.95 178.23 27.48 22,12/31.95
N HN C= H= c cs HS
S12 113.80 7.75 54.90 172.84 64.14 4.53/4.32
Si4 122.30 8.19 4.55 172.93 60.28 4.02
S59 4.44 174.87 4.15/3.97
S69 119.20 7.69 59.76 4.38 174.39 61.26 415
$89 134.90 9.13 4.54 173.67 63.30 4.10/3.82
N HN e He c s H6 cn H72
T19 122.70 8.28 412 171.39 66.36 431 19.75 1.23
T42 112.50 7.87 61.06 428 173.93 68.24 4.10 18.30 0.30
T63 108.40 7.38 59.19 4.61 173.67 68.34 4.61 19.41 111
85 130.20 8.88 60.59 4.10 174.84 68.62 411 18.30 1.20
N HN C= H= I s Hf ! H! cn H72
V4 127.70 8.92 59.10 4.90 172.55 32.13 1.85 18.50 0.71 19.20 0.88
V45 123.20 7.99 61.53 371 171.80 3111 1.92 20.07 0.62 21.63 0.97
V50 132.90 9.06 58.92 471 170.69 31.94 1.98 18.82 0.87 19.20 0.99
V70 125.60 7.53 64.89 3.77 175.54 29.61 2.48 20.25 1.12 21.10 0.97
V73 123.60 7.61 65.35 3.93 176.56 29.14 2.38 2033 1.08 21.97 1.38
N HN C= He C cs Hf o He!
w3s 123.80 8.47 59.01 4.19 176.08 27.23 32.63/23.48 125.38 7.40
W44 125.70 8.49 58.63 4.65 173.04 29.99 23.59/33.45 122.92 6.84
w53 52.70 5.24 172.29 26.30 2.53/3.61 121.57 7.28
cn HR cm Hn» co He cn HP
112.98 7.57 121.67 6.98 117.75 7.60 119.02 7.03
112.16 7.51 123.20 7.36 118.69 7.78 120.47 7.28
111.35 7.18 122.80 7.30 118.57 7.19 117.22 6.84
N HN C= He c s H8 b H? e He
Y29 11440 644 5320 457 17246 3426  23.82/32.83 131.29 7.0 11662 681
Y30 12680 742 5602 429 17562 3680  23.09/32.57 13129 7.01 11622 6.82
Y47 12550 790 5494  4.48 176.57 3748 33.29/22.65 13093 712 11557 6.69

9 Hf protons that were stereospecifically assigned have a superscript 2 or 3 preceding the shift for H52 and H#3, respectively.

identified from the 3D HMQC-NOESY and 2D homonuclear
NOESY spectra (Lubienski ef al., 1993). This made a total
of 1437 assigned NOE cross-peaks when the NOEs from the
analysis of the !3C-edited spectra were added. Each NOE
restraint was separated into one of three distance ranges
depending on whether it was a strong, medium, or weak NOE
in the 150-ms NOESY spectra. These ranges were 1.8-2.7,
1.8-3.5,and 1.8-5.0 A, respectively. Upper limits for NOEs
from nonstereospecifically assigned methylene groups and
rotationally averaged aromatic protons were corrected for by
réaveraging. Inaddition, 0.5 A was added to the upper limit
for each methyl group involved in an NOE. Allvaline - and

leucine 6-methyl groups were stereospecifically assigned using
a 10% 13C-labeled barstar sample in D,O and the method
described by Neri et al. (1989).

All ¢ dihedral-angle restraints, derived from accurately
measured 3/nxy, coupling constants described by Lubienski et
al. (1993), weresetat—120 = 40° for 3Jyy, coupling constants
greater than 7.5 Hz, and -50 % 30° for those less than 6.0
Hz. Noy angles were restrained. All x; angle restraints and
B-methylene stereospecific assignments were derived from
analysis of 3J,4 coupling constants in the homonuclear DQF-
COSY spectrum, intraresidue HN-HB NOE strengths, and
I5N-HB couplings (Archer et al., 1991). The allowed error
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of x; angle restraints was £60°.

Hydrogen-bond restraints were included for backbone amide
protons which exchanged for deuterons at a slow rate in
equilibrium conditions at pH 6.7 (Lubienski et al., 1993).
Restraints were included only for amide protons involved in
standard secondary structure hydrogen bonding where the
carbonyl acceptor was known. Inaddition, two{,i+5hydrogen
bonds (Leu-26 NH — Lys-21 CO; Val-45 NH — Cys-40
CO), common at tight turns at the ends of helices, were
included only after initial rounds of structural calculation
(using only NOE and dihedral angle constraints) had
unambiguously defined the hydrogen-bond acceptors for these
two protected amides. Two distance restraints were included
for each hydrogen bond: HN — O (1.8-2.0 A) and N — O
(2.7-3.0 A).

Method of Structure Calculation. Initial structures were
calculated so that any misassigned NOEs could be removed
and the possibility of the aforementioned {,i+5 hydrogen bonds
at the ends of the first and second helices could be established.
All peptide bonds were restrained to be planar and trans, with
the exception of that between Tyr-47 and Pro-48, which was
restrained to be planar and cis on the basis of the CeH(i)-
CeH(i+1) NOE between them (Lubienski et al., 1993). In
total, 30 final structures were calculated using a distance
geometry—simulated annealing hybrid protocol with the
program XPLOR (Briinger, 1992). The first step involved
using the experimental constraints and covalent geometry to
generate a family of embedded substructures from a linear
conformation of barstar using a distance geometry algorithm.
The remaining atoms were added, and the system was taken
through high-temperature molecular dynamics followed by
dynamical simulated annealing (Nilges ez al., 1988). A quartic
van der Waals’ repulsion term and square-well quadratic
potential terms, for interproton distance and torsion angle
restraints, were used in the process. The van der Waals’ hard-
sphere radii were set at 0.8 times the CHARMm values
(Brooks et al., 1983). No attractive energy terms were used
inthe protocol. Anadditional 1000 cycles of restrained Powell
energy minimization produced the final structures.

RESULTS

Assignment of Barstar. The majority of the 1’C assignments
of barstar were obtained from the 3D 13C-'H HCCH-COSY
experiment in conjunction with the previously reported proton
assignments (Lubienski et a/., 1993). In addition, the
experiment made possible the extension of the proton assign-
ments, and previously ambiguous assignments were confirmed
or corrected. Stereospecific assignments of valine y-methyls
and leucine 8-methyls were easily and unambiguously deter-
mined using the 10% !3C fractionally labeled sample and the
method of Neri et al. (1989).

The triple-resonance experiments were extremely useful
for confirming the sequence-specific assignments and assigning
the remaining C~ and C8 13C resonances as well as those of
the backbone carbonyls. Although the proton shifts varied
considerably according to chemical environment, the 13C shifts
were always within the range distinctive of atom type. This
considerably helped the assignment. The full assignments of
barstar are shown in Table 1 by residue type. The majority
of the gaps in the assignments of barstar are associated with
a general broadening of the resonances within a particular
area of the molecule, the cause of which is currently being
investigated.

The spread of methyl 13C shifts was essential for assigning
interresidue side chain-side chain and side chain—backbone
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0.0
(ppm) 24.54
FIGURE 1: Example of a 'H(F)-'H(F;) plane taken at 3C(F,) =
24.54 ppm of the 150-ms mixing time 3D !*C-separated NOESY
spectrum of uniformly 1SN-13C labeled barstar. A number of NOEs
from Leu-71H;, (intraresidue) and Leu-41Hj, (intraresidue and long-
range) are labeled.

NOEs with the 3D 3C-'H NOESY-HMQC spectrum, which
was not possible from the previous homonuclear work because
of extreme overlap in the proton resonances. This was
especially problematic in the region of the homonuclear
NOESY spectrum containing the NOEs from the é-methyls
of the 12 leucines of barstar. An example of the excellent
resolution afforded by the 3D 3C-'H NOESY-HMQC
spectrum is illustrated in Figure 1. The stereospecific
assignment of the methyl groups of the 17 leucine and valine
residues was important in order to make full use of the NOE
information in the structure calculations, the pattern of NOEs
being frequently different for both methyls of a valine or leucine
residue.

Analysis of C* and C® Chemical Shifts and Their
Significance to Secondary Structure. When the C2 and C#
shifts were compared to the 13C residue-type specific random
coil values derived by Howarth and Lilley (1978), various
details were confirmed about barstar. First, prolines 27 and
48 have CFf chemical shift values (29.69 and 33.75 ppm) that
correspond to the random coil trans and cis configurations,
respectively (30.4 and 32.95 ppm), which agrees with the
analysis of the NOE evidence. Second, the reduced state of
the two cysteine side-chains (40 and 82) was confirmed by
their C8values (25.26 and 25.32 ppm, respectively) compared
with the random coil values of 27.6 ppm for cysteines with a
free SH group and 38.9-42.8 ppm for those involved in a
disulfide bond. In addition, it has been shown that the
difference between both the C*and C8 shifts of a given residue
from their random coil values canindicate the type of secondary
structure in which the residue is involved in the folded protein
(Spera & Bax, 1991). Subtracting random coil C*shifts from
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FiGURE2: (A) Histogram showing the observed secondary shift (the
measured '*C chemical shift minus the random coil '*C chemical
shift) for each residue’s C* minus the secondary shift of its C5. The
secondary shifts of residues for which only the C= could be assigned
(all glycine residues and residues 21 and 88) and residues for which
only the C# could be assigned (14, 19, and 89) are included. Residues
1, 55, 59, 86, and 87 were not included because their C* and C#
chemical shifts were not assigned. (B) Histogram enhancing the trends
in panel A by applying a three-point smoothing function to the data.
A two-point averaging was done for residues with only data from one
neighboring residue. Helical and extended regions are observed as
positive and negative peaks respectively in both panels A and B. A
schematic showing the secondary structure of barstar is shown
underneath panel B. Helices are represented by cylinders and extended
strands by arrows.

the C= shifts of a protein tends to give a positive secondary
shift for Ces in helical backbone conformation (3.09 £ 1.00
ppm) and a negative secondary shift for those in an extended
strand conformation (-1.48 £ 1.23 ppm). This trend is
opposite in sign for CFf secondary shifts (-0.38 + 0.85 and
2.16 £ 1.91 ppm). By subtracting the C? secondary shift of
a residue from its C= secondary shift, this correlation is
enhanced. The result of this operation is shown for barstar
in Figure 2A. A three-point smoothing function on the data
is shown in Figure 2B. The data agree closely with the
secondary structure defined by analysis of */nu, couplings,
hydrogen—deuterium exchange protectiondata, and sequential
and medium-range NOE data (Lubienski et al., 1993).
Structural Restraints and Statistics. A total of 30
structures were calculated using the restraints shown in Table
2. The analysis of the calculated structures is for all residues
of barstar as the entire structure is very well defined by the
experimental restraints. The average rms deviation of the
final 30 structures from the mean structure is 0.42 £ 0.07 A
for the backbone atoms and 0.90 £ 0.07 A for all heavy atoms.
Table 3 gives a summary of the various energy terms and
deviations from idealized geometry. None of the structures
have NOE violations over 0.3 A nor dihedral angle violations
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Table 2: Summary of Structure Calculation Data

restraint type no. of restraints

all 1613
interproton distances
intraresidue 455
interresidue (1 i —j| < 4) 614
interresidue (i — j| > 4) 368
hydrogen bond restraints (two per hydrogen bond) 74
¢ dihedral angle restraints 54
¥ torsion angle restraints 48

over 5°. A large, negative Lennard-Jones van der Waals’
energy (not included in any of the target functions of the
structure calculations) indicates that there are no bad
nonbonded contacts.

The structure is very well defined as the statistics in Table
3 demonstrate. Figure 3 shows the atomic rms distributions
for the 30 structures, as well as the variation in surface
accessibility, as a function of residue number. Using the
schematic representation of the secondary structure elements
in Figure 3, it can be seen that the backbone of barstar is
extremely well defined in most of the regions of secondary
structure and most of the connecting loops. Exceptions to
this are the N-terminal residue (which is in a 8-strand) and
the region comprising residues 55-66. This region begins
with a sharp bend from the second §-strand to the third helix
for which there were far fewer distance restraints than the
other helices in the protein. The region ends with a three-
residue loop (which exhibits the highest backbone rms
deviations in the 30 structures) which connects the third helix
tothe fourth. The loop connecting the first and second helices
(residues 26-32) which, along with the second helix, is
responsible for binding barnase, has a well-defined backbone,
especially in its middle at Tyr-30 (which will be discussed
later).

Figure 3 also shows that the definition of the molecule also
extends to the side chains: over 70% of the residues have side
chains with rms deviations less than 1 A. Of those side chains
with deviations over 1 A, all, with the exception of Phe-56,
are polar or charged side chains. These include 8 of 11 Glu
residues, and all 6 Gln and 3 Arg residues. In addition, the
majority of these ill-defined residues have average solvent
accessibilities over 40% for the 30 structures. The fractional
solvent accessibility of a residue was computed from the total
solvent accessibility for the residue inits current conformation
and in the tripeptide fragment of which it is the central residue
using a solvent probe radius of 1.5 A (Richmond, 1984).

Ramachandran Plot Analysis. Figure 4A represents the
backbone ¢, angles for the family of 30 structures, (SA).
The vast majority of backbone dihedral angles fall within
allowed regions of the plot and vary little within the 30
structures. Inaddition, many of the dihedral angles of residues
involved in turns appear in the «y -helix region of the plot. The
residues associated with high backbone rms deviations in
Figure 3B are also those for which there is more of a scatter
in the Ramachandran plot. For the short loop between the
second B-strand and the third helix (residues 55-57), there
are two populations of ¢, values. The minor population
exhibits generously allowed or disallowed ¢, angles, while
the majority of the structures have torsion angles in this region
that are allowed and that agree with those in the X-ray
structure of barstar in the barstar-barnase complex. The
second region of scatter is for the loop residues connecting the
third and fourth helices (especially residue 64). These residues
adopt a variety of allowed ¢,J torsion angles. The plot is
simplified by looking at the restrained minimized mean



8872 Biochemistry, Vol. 33, No. 30, 1994

Lubienski et al.

Table 3: Structural Statistics for 30 Barstar Structures®

structural statistics (SA) (SA)r
rms deviations from experimental restraints?
distance (A) 0.0358 * 0.0005¢ 0.0389
dihedral angle (deg) 0.54 £0.09 0.70
XPLOR energies (kcal mol-!)
Fuaw? 49.76 £ 4.71 56.64
Foy -309.9 £23.1 -325.0
deviations from ideal covalent geometry
bonds (A) 0.0038 % 0.0000 0.0041
angles (deg) 0.52£0.01 0.58
impropers (deg) 0.35£0.01 0.42
atomic rms differences (A) backbone all non-H
0.42 £ 0.07 0.90 + 0.07

(SA) vs (SA)

4 (SA) is the 30 final structures, (SA) is the mean atomic structure obtained by averaging the superimposed coordinates for the 30 structures, and

(SA)r is the mean atomic structure after 1000 steps of restrained energy minimization. # In none of the structures were distance restraints violated
over 0.3 A nor dihedral angle constraints violated over 5°. ¢ All variances are quoted = one standard deviation. ¢ The quadratic van der Waals term
was calculated with a force constant of 4 kcal mol~! within the van der Waals radii set to 0.8 times the standard value used in the CHARMm (Brooks
et al., 1983). € F.; was calculated using the CHARMm empirical energy function. Note that this Lennard-Jones term is used as part of the target

function in any part of the structure calculations.
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FIGURE 3: (A) Schematic showing the secondary structure of barstar.
Helices are represented by cylinders and extended strands by arrows.
Residue-based root mean square deviations of the atomic coordinates
from the mean atomic structure are shown for (B) the backbone
heavy atoms (C#, C’, N, and O) and (C) all non-hydrogen atoms.
Error bars represent % one standard deviation. (D) Residue-based
solvent accessibility. This was calculated as fractional accessibilities
in percent. The total accessibility is computed for the residue in its
current conformation and in the tripeptide fragment of which it is
the central residue (Richmond, 1984).

structure of barstar, (SA)r, which adopts the most populated
¢.¢ angles for the ill-defined residues (Figure 4B). These
backbone dihedral angles agree closely with those in the
complexed crystal structure of barstar. The residues that
have positive ¢ angles in all 30 structures are Ala-25 (¢ =

55°), Glu-32 (¢ = 50°), GIn-55 (¢ = 49.9°), Asn-65 (¢ =
73.7°),and Gly-81 (¢ = 113.3°). Theseresidues are involved
in tight turns either coming out of helices (Ala-25, Gly-81)
or leading into helices (Glu-32, GIn-55, Asn-65). The
preponderance of these residues is indicative of how positive
¢ angles are used to connect items of secondary structure in
the protein with the shortest loop possible, rather than having
longer loops with more energetically favorable ¢, angles.

DISCUSSION

Description of the Barstar Structure. Barstar is an o/
protein with overall dimensions of approximately 29 X 22 X
21 A. 1t is composed of three parallel a-helices (residues
14-25, 33-43, 68-81) packed onto a three-stranded parallel
B-sheet (residues 1-6, 49-54, 83-89). It has an additional
helix (residues 56—63) linking the second, central, strand and
the fourth helix. This third helix is not part of the bundle and
is not so well defined by the structural restraints as the other
three helices. Figure 5 shows the superposition of the backbone
(N, Cq, and C) atoms for the 30 final structures of barstar,
in two different stereoviews. Figure SA shows the bundle
composed of three of the helices and the §-sheet, with the
disordered helix running along the top of the molecule and a
disordered loop linking it to the fourth helix. Thisarrangement
is also shown by a schematic drawing of barstar in Figure 6.
The first and fourth helices interact with the 8-sheet, whereas
the second helix packs onto the first and fourth helices. Figure
5Bshows the view of the molecule looking down the disordered
third helix. From this view, and the view in Figure 6, it can
be seen that the first and fourth helices splay away from the
B-sheet toward their C-terminal ends. This leaves room for
the second helix to pack into the space left between the two
helices. The first and second helices arelinked by an extremely
well defined seven-residue overhand loop. This loop and the
second helix protrude from the rest of the molecule and form
the region of barstar which fits into the active site of barnase
(as is described in the following paper in this issue).

Helices and C-Terminal Turns. The relationship between
all four helices can be seen in Table 4. The table illustrates
the angles between the helices and the points of closest C#
contact. Helix 3 runsalong the N-terminal end of the parallel
helix bundle that is formed by helices 1, 2,and 4. Equilibrium
hydrogen—deuterium exchange data (Lubienski et al., 1993)
shows that helices 1, 2, and 4 have protected amide protons
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FiGURE4: (A)Ramachadranplot for the 30 NMR solution structures
of barstar. Labels indicate the position of a group of dihedral angles
for the given residue. (B) Ramachadran plot for the restrained
minimized mean structure of barstar. Glycine residues are represented
by circles. Allowed regions are marked.

from residues 18-26, 37-42, and 72-80, respectively, which
indicates that these amide protons are involved in hydrogen
bonds. No amide protons in the third helix were protected
under the experimental conditions reported. However, the
conformation of the region is defined by various sequential
and medium-range NOEs.

The hydrogen-exchange data would predict the N-cap
residues of helices 1, 2, and 4 to be Ser-14, Asn-33, and Glu-
68, respectively. Ser, Asn, and Glu have been shown to be
good N-cap residues due to their ability to hydrogen-bond to
free amide groups (especially i+3) in the first turn of helix,
which are exposed and hence stabilize the helix (Presta &
Rose, 1988; Serrano et al., 1992). Although this is reflected
in the structure for helix 2 (with the side chain of Asn-33
hydrogen-bonded with the amide group of Ala-36), this
N-capping is not seen in the structure for helices 1 and 4.
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Ser-12, however, can hydrogen-bond with the free NH of
Asp-15. In addition, the ¢, angles, and the possibility of
backbone carbonyl (i) to amide (i+4) hydrogen bonds, indicate
that helix 1 may start at Ile-13 and helix 4 at Ala-67. The
N-cap residue for helix 3 is Phe-56. This is supported by its
having helical ¢, angles, its carbonyl being in a reasonable
orientation for helical hydrogen bonding, and, indirectly, its
positive C2—-C# secondary shift (Figure 2).

There are tight turns at the end of helices 1, 2, and 4, each
characterized by a stabilizing i,;+5 hydrogen bond and a
residue with a positive ¢ angle. The function of the tight turn
is both to minimize the length of the chain connecting items
of secondary structure and to increase the exposure to solvent
of the non-hydrogen-bonded backbone carbonyl groups in the
last turn of helix, which stabilizes the helix. Glycine is
particularly well suited to being the C-cap residue of a helix
because of the large degree of conformational freedom it has
to initiate the tight turn (Serrano et al., 1992). In barstar,
the C-cap residues for helices 1, 2, 3, and 4 are Ala-25, Gly-
43, Thr-63, and Gly-81, respectively.

The amide proton of Ala-25 is hydrogen-bonded to the
backbone carbonyls of Lys-21 and Lys-22. In addition, Ala-
25 exhibits positive ¢ and y angles, and the amide proton of
Leu-26 hydrogen bonds with the backbone carbonyl of Lys-
21 (and is well protected according to the hydrogen exchange
data). This arrangement is a recognized motif at the end of
helices termed the “paperclip” (Milner-White, 1988). A
similar arrangement is seen at the C-cap of helix 4. Gly-81
has a positive ¢ angle, its amide is hydrogen-bonded to the
backbone CO of Lys-78, and the backbone NH of Cys-82 is
within hydrogen-bonding distance of the CO of Ala-77.
Neither the NH of Gly-81 nor Cys-82 is protected from
hydrogen exchange, and so the turn may not be as fixed as
that at the end of helix 1.

Helix 2 differs at its C-cap from helices 1 and 4. The NH
of Thr-42 donates a hydrogen bond to the CO of Trp-38 in
a normal a-helical fashion; however, Gly-43 and Trp-44 have
dihedral angles such that they make a wider girth of the helix,
and the NH of Val-45 hydrogen bonds with the CO of Cys-
40. According to the derived structure, the amide protons of
43 and 44 may still form long hydrogen bonds with the CO
groups of Asp-39 and Cys-40, respectively. In terms of
hydrogen exchange behavior for residues 4245, only Thr-42
and Val-45 are protected. The wide helical turn emanating
from helix 2 has implications for barstar’s interaction with
barnase, as is discussed in the following paper (Buckle et al.,
1994).

After the C-cap residue of helix 3 (Thr-63) a short, ill-
defined loop (comprising résidues Glu-64, Asn-65, and Gly-
66) links the third helix to helix 4. This is the worst defined
region of the structure and is, interestingly, highly disordered
in the barstar—barnase complex (Guillet et al., 1993; Buckle
et al., 1994). In each of the 30 structures, however, Glu-64
has a positive y angle, and Asn-65 a positive ¢ angle. This
induces two, tight, right-angled bends in the polypeptide chain.
A 1N NMR relaxation study is currently underway to
investigate whether the loop is mobile rather than undefined.

B-Sheet. Thesheet hasthecharacteristic right-handed twist
and is composed of three paraliel strands comprising residues
from Lys-1-Asn-6, Leu-49-Arg-54,and Asp-83-Ser-89. The
strands are arranged in order of sequence, with the second
strand central to the other two. Hydrogen exchange studies
show the NH groups of strands 1 and 3 to be protected
alternately, and those of strand 2 to be protected on both
sides. In terms of rms deviation, the beginning of strand 1
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FIGURE 5: Two stereoviews showing the superposition of the C«, C’, and N backbone atoms for the 30 solution structures of barstar. The four
helices are numbered 1-4 in order of sequence. In panel A the C-terminus of the protein is also labeled.

and end of strand 3 are the worst defined areas of the sheet.

Strand 1 begins with the terminal NH, group hydrogen-
bonding with the backbone CO of Pro-48. The strand ends
with the CO of Ile-5 hydrogen-bonding with the backbone
NHof Arg-54. Although Asn-6 maintains the extended strand
conformation, it leads into a helical turn from residues 6-10.
This turn is supported with a hydrogen bond from the NH of
Ile-10 to the backbone CO groups of Gly-7 and/or Asn-6.
The hydrogen bond must be quite stable as the NH of Ile-10
is protected from hydrogen—deuterium exchange. Interest-
ingly, the turn is also indirectly reflected in its positive Ce—C#
secondary shifts (Figure 2). After Ile-10, the loop becomes
more extended in conformation (and exhibits negative
secondary shifts) before leading into helix 1.

The loop from helix 2 leads into strand 2 via a cis-proline
(Pro-48), which creates a right-angled turn in the backbone.
The amide protons of the strand are hydrogen-bonded from
Leu-49 to Arg-54. Gln-55 has a positive ¢ angle in each of
the 30 structures which induces a sharp right-angled turn
which immediately leads into helix 3 at residue 56. Finally,
strand 3 extends from Asp-83 (the CO of which accepts a
hydrogen bond from the NH of Leu-49) to Ser-89 (the NH
of which donates a hydrogen bond to the CO of Trp-53).

Side Chains. Barstar contains 24 charged amino acids: 11
Glu, 4 Asp, 6 Lys, and 3 Arg. This distribution gives the
protein a net negative charge. These residues are mainly
distributed evenly throughout the surface of the protein. The
exception to this is the area comprising the second helix and
the C-terminal end of the fourth. This region of barstar is
highly negatively charged compared with the rest of the protein
(containing residues Asp-35, Asp-39, Glu-76, Glu-80, and no
positively charged side chains). This has functional implica-
tions, and is discussed in the following paper (Buckle et al.,
1994). Among several possible salt bridges between the
charged side chains, two are certainly defined by the NMR
structures: between Glu-57 and Lys-60, and between Glu-52
and Lys-2.

The hydrophobic core in barstar is formed between the side
chains of helices 1, 2, and 4 and those of the 8-sheet. Figure
7A shows a stereoview of various residues within the core.
The buried residues are extremely well defined. The core is
composed of 10 of barstar’s 12 leucine residues, three of its
five valines, four of its six isoleucines, Trp-53, Phe-56, Phe-
74, Ala-3, Ala-67,and Ala-77. The large number of leucines
forming the core is a common occurrence in helix-bundle
proteins. The majority of the leucines in the core are from
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5

FIGURE 6: Schematic picture of the restrained minimized mean
structure of barstar drawn with MOLSCRIPT (Kraulis, 1991). The
N-terminus is at the bottom of the left-most §-strand, and the
C-terminus is at the top of the right-most 8-strand.

Table 4:  Angles between Helices and Points of Closest C,
Contacts?

pairs of helices®  closest C,¢ distance (A)¢ angle (deg)*
1and 2 17/37 7.8 10
1and 3 13/63 5.1 -125
1and 4 16/67 6.9 -34
2and 3 33/63 12.9 131
2and 4 38/73 5.8 -26
3and 4 60/67 4.6 122

@ The analysis is done for the restrained minimized mean structure of
barstar using the CCP4 program HELIXANGLE (CCP4, 1979).
b Helices 1-4 are as described in the text. © Pairs of residues are given,
one from each respective helix, representing the closest a-carbon distance
between the helices. The distance is given in the next column, and the
angle between the respective helices is given in the last column.

helix 1, helix 2, and strand 2. The isoleucines are mainly
from the peripheral strands. Helix 4 provides two valines and
twoalanines as well as the central core residue, Phe-74. Figure
3D shows that all the core residues have less than 25% solvent
accessibility, the majority having close to 0%. Interestingly,
although the benzene ring of Phe-74 is at the heart of the core
and has the lowest rms deviations of all barstar atoms, both
the 6 and e protons have degenerate chemical shifts. It is
unlikely that the chemical environment of the ring would be
the same on both sides, and so the ring must flip inside the
core reasonably fast on the NMR time scale. This would
indicate either that the core in barstar is not rigid, but more
fluid in character, or that the core is not well packed in the
vicinity of Phe-74.

Allthe helices in barstar are amphipathic with the exception
of helix 3. This helix is mainly composed of polar side chains
and contributes only Phe-56 to the hydrophobic core (which
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is 15% exposed to solvent). Nevertheless, the helix is
extensively packed: theoretical calculationsshow that barstar
loses 21% of accessible surface area when the third helix
associates with the rest of the protein (Guillet er al., 1993).
Ser-59 is completely buried, and the hydrogen bond accepted
by its hydroxyl oxygen from the indole amide proton of Trp-
53 accounts for the protection of this amide from hydrogen
exchange. The role of this helix seems to fulfil a requirement
of all bundle-type proteins (whether all a-helix or 8-sheet in
composition): to shield the exposed top and bottom of the
bundle from solvent entry. In barstar, this is achieved at the
N-terminal end of the helices by the third helix and the loop
comprising residues 7-13, and at the C-terminal end by the
close association of the tight turning loops from residues 44—
48 and 81-83. Especially important at the C-terminal end
are the roles of Val-45, which forms part of the hydrophobic
core, and Tyr-47, which forms a central “plug” at the bottom
of the bundle which efficiently prevents solvent from entering
the core. Tyrosine is an efficient amino acid to perform this
function because of its ability to interact with both the
hydrophobic core and the solvent.

The side chains in the 8-sheet are not alternately hydro-
phobic and hydrophilic as might be expected. Strand 1
positions Val-4 on the outside of the protein, strand 2 does the
same with Val-50,and strand 3 exposes Ile-87. Itisinteresting,
however, that Val-4 and Val-50 both have solvent accessibilities
less than 20%. This is mainly due to their being packed on
the aliphatic part of charged side chains close in proximity.
Val-4, for instance, packs onto Glu-52 and Lys-2, which also
form a salt bridge. Contacts are also made between the
aliphatic protons of both Glu-52 and Lys-2 and Val-50, and
in addition between Thr-85 and Val-50. These particularly
neat arrangements that are defined by various NOE distance
constraints mean that the side chains involved have low rms
deviations in each of the 30 structures from the average
structure: Val-4 and Val-50 less than 0.4 A; Lys-2 and Glu-
52less than 1 A. The function of these hydrophobic clusters
on the outside of the protein may be to constrain the strands
into forming only one possible arrangement at the end of the
folding process.

Thetwocysteines of barstar are positioned at the C-terminal
ends of helices 2 (Cys-40) and 4 (Cys-82). It is has been
shown that these residues can form a disulfide bridge which
stabilizes the protein and slightly improves the barnase-barstar
interaction (Hartley, 1993). The NMR structure of the
reduced form of barstar agrees with the observation that the
ends of the side chains are too far apart to form a disulfide
(Guillet er al., 1993). However, rotations of the x; angles of
the two residues, a rotation of helix 2, and a small movement
in the loop region around Cys-82 would bring the side chains
within bonding distance. Both Cys-40 and Cys-82 are
relatively buried (with solvent accessibilities of 5% and 25%,
respectively), which explains why the protein must be unfolded
before the Ellman assay can detect the free thiols (M.
Lubienski, unpublished results). Currently, workisunderway
to oxidize the protein fully and solve its structure by NMR.

Stabilization of the Binding Loop. The overhand loop
between helices 1 and 2 is extremely well defined in the NMR
structure, and its conformation is not significantly altered
when bound to barnase (discussed further in the following
paper). To fix the loop in such a firm conformation, the side
chains of the loop form various hydrophobic contacts which
“fasten” it at either end and in its middle. Figure 7B shows
a stereoview of the side chains of the 30 superimposed
structures which form interactions that stabilize the loop. As
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FiGURE 7: Two stereoviews showing the superposition of selected side chains for the 30 solution structures of barstar inserted on a two strand
backbone ribbon. (A) Selected hydrophobic core residues: Ala-3, Ile-5, Leu-16, Leu-20, Leu-37, Leu-41, Leu-49, Leu-51, Trp-53, Leu-71,
Phe-74, Ala-77, lle-84, and Ile-86. Leu-16 and the C-terminus of the ribbon are labeled. (B) Interactions stabilizing the inhibitory loop. A
ribbon is shown from the N-terminus of helix 1 to the C-terminus of helix 2. The residues shown are His-17, Lys-21, Leu-26, Pro-27, Tyr-30,

Glu-32, and Trp-44.

discussed before, the backbone NH of Leu-26 hydrogen-bonds
to the CO of Lys-21 to form a tight turn. The side chain of
Leu-26 also packs against the aliphatic atoms of Lys-21 as
well as forming part of the hydrophobic core. The ring of
Pro-27 forms a perfect face to face interaction with the six-
membered ring of Trp-44. This interactionis very well defined
and is the main reason for the low surface accessibility of the
prolineresidue (10%). The chemical shifts of the ring protons
of Pro-27 are immensely shifted upfield because of this
interaction (the v protons resonating at 0.13 and 0.80 ppm
for instance). Tyrosines 29 and 30 are interesting in that the
former is important for barstar’s function of binding barnase,
points out into solvent, and has a high rms deviation, whereas
the latter is important in maintaining the structure of barstar,
points into the core of the protein, stabilizing the middle and
C-terminal end of the loop with various interactions, and has
an extremely low rms deviation. Tyr-30 packs against the
side chains of Leu-26, Leu-20, Ala-36, the aliphatic atoms of
Glu-32,and Lys-21, and its hydroxyl accepts a hydrogen bond

from the N®'H of the imidazole ring of His-17. These
interactions are all well defined by the experimental con-
straints. The hydrophobic clusters defined by these interac-
tions are not separated from the main hydrophobic core (with
the exception of the 27 /44 interaction which is solvent exposed)
and so may be considered part of it. The fixed nature of this
loop is quite reminiscent of the fixed conformation of the
inhibitory loop of protease inhibitors.

Relationship of Structure to Function. The molecular
architecture of barstar is ideally suited to performing its
function of blocking the active site of barnase. The loop and
helix comprising residues 26—44 protrude from the rest of the
molecule and have a very stable conformation which is perfect
for docking onto barnase. The interaction with barnase is
described in detail in the following paper (Buckle ez al., 1994)
as well as the functionalimplications of the charge distribution
of barstar and the wide girth of the last turn of helix 2, which
is stabilized by the Trp-44-Pro-27 interaction. The paper
also fully discusses the role of barstar’s interacting side chains
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in forming the tight complex and compares the free NMR
barstar structure with the crystal structure of barstar com-
plexed with barnase.

Characterization of the Barstar Fold. The structure
adopted by barstar is a novel fold. It is a very economical
structure in terms of the preference for tight turns induced
by positive ¢ and ¢ backbone dihedral angles and a cis-proline
rather than including longer loops. The fold can be looked
on in two different ways: as a four-helix bundle where one
helix is replaced with a three-stranded parallel 8-sheet or,
more obviously, as a classical a/f protein (such as the
C-terminal half of the mononucleotide binding domain) with
a loop and helix inserted between the first helix and second
strand. Another interesting feature is that in barstar the
dipoles of helices 1, 2, and 4 are arranged together. No
functional significance has been attributed to this.

Concluding Remarks. The availability of 13C/!5N doubly
labeled samples was essential for the structural determination
of barstar because the large number of inter-side-chain NOEs
that were resolved that were important for defining the relative
positions of the helices. The heteronuclear techniques
described are currently being used to characterize the nature
of the acid-denatured state of barstar, which has been shown
to possess properties resembling a molten globule state (M.
Lubienski and R. Golbik, unpublished results; Khurana &
Udgaonkar, 1994). Inaddition, 1*N-relaxation measurement
techniques are being used to define any regions of mobility
inthebarstar backbone. Asthebarstar moleculeis reasonably
free of undefined regions, the protein will be ideal for structural
analysis by joint refinement (Shaanan et al., 1992) with any
future crystal structure of free barstar. The full assignment
and structure of barstar, reported in this paper, will be used
inthis laboratory for protein engineering and structural studies
of the free and complexed state of the molecule by NMR.
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