8172

Biochemistry 1990, 29, 8172-8184

Assignment of the Side-Chain 'H and '*C Resonances of Interleukin-18 Using

Laboratory of Chemical Physics, Building 2, National Institute of Diabetes and Digestive and Kidney Diseases, and Protein

Double- and Triple-Resonance Heteronuclear Three-Dimensional NMR
Spectroscopy’

G. Marius Clore,*! Ad Bax,! Paul C. Driscoll,} Paul T. Wingfield,® and Angela M. Gronenborn*:

Expression Laboratory, Building 6B, National Institutes of Health, Bethesda, Maryland 20892
Received March 15, 1990; Revised Manuscript Received May 22, 1990

ABSTRACT: The assignment of the aliphatic 'H and '*C resonances of IL-18, a protein of 153 residues and
molecular mass 17.4 kDa, is presented by use of a number of novel three-dimensional (3D) heteronuclear
NMR experiments which rely on large heteronuclear one-bond J couplings to transfer magnetization and
establish through-bond connectivities. These 3D NMR experiments circumvent problems traditionally
associated with the application of conventional 2D 'H-'H correlation experiments to proteins of this size,
in particular the extensive chemical shift overlap which precludes the interpretation of the spectra and the
reduced sensitivity arising from 'H line widths that are often significantly larger than the 'H-'H J couplings.
The assignment proceeds in two stages. In the first step the 1*Ca chemical shifts are correlated with the
NH and '*N chemical shifts by a 3D triple-resonance NH-!SN-13Ca (HNCA) correlation experiment which
reveals both intraresidue NH(i)-’N(i)-13Ca(i) and some weaker interresidue NH(#)-"N(i)-Ca(i-1)
correlations, the former via intraresidue one-bond 'Jnc, and the latter via interresidue two-bond 2J/xc,
couplings. As the NH, 1°N, and C*H chemical shifts had previously been sequentially assigned by 3D 'H
Hartmann—Hahn "N-'H multiple quantum coherence (3D HOHAHA-HMQC) and 3D heteronuclear 'H
nuclear Overhauser N-'H multiple quantum coherence (3D NOESY-HMQC) spectroscopy [Driscoll,
P. C., Clore, G. M., Marion, D., Wingfield, P. T., & Gronenborn, A. M. (1990) Biochemistry 29, 3542-3556],
the 3D triple-resonance HNCA correlation experiment permits the sequence-specific assignments of 3Ca
chemical shifts in a straightforward manner. The second step involves the identification of side-chain spin
systems by 3D 'H-13C-13C-'H correlated (HCCH-COSY) and 3D 'H-!3C-13C-'H total correlated
(HCCH-TOCSY) spectroscopy, the latter making use of isotropic mixing of 3C magnetization to obtain
relayed connectivities along the side chains. Extensive cross-checks are provided in the assignment procedure
by examination of the connectivities between 'H resonances at all the corresponding !*C shifts of the directly
bonded 3C nuclei. In this manner, we were able to obtain complete 'H and '3C side-chain assignments
for all residues, with the exception of 4 (out of a total of 15) lysine residues for which partial assignments
were obtained. The 3D heteronuclear correlation experiments described are highly sensitive, and the required
set of three 3D spectra was recorded in only 1 week of measurement time on a single uniformly SN /13C-
labeled 1.7 mM sample of interleukin-18. This first example of the essentially complete side-chain assignments
of a protein with a molecular mass greater than 15 kDa by heteronuclear 3D NMR methods provides a
basis for the determination of a full high-resolution three-dimensional structure of interleukin-14 in solution.

Interleukin-l 8 (IL-18)! is a member of the cytokine family
of proteins, which play a central role in the immune and
inflammatory responses. It is a protein of 153 amino acids
with a molecular mass of 17.4 kDa, and its wide-ranging
biological activities include stimulation of B-lymphocyte
proliferation and fever induction [see Oppenheim et al. (1986),
Dinarello (1988), and Moore (1989) for reviews]. In two
recent papers we presented the complete assignment of the SN
and 'H resonances of the polypeptide backbone of IL-18 and
the determination of its secondary structure and molecular
topology using 3D heteronuclear 'H-'"N NMR spectroscopy
(Driscoll et al., 1990a,b). At that time only a limited number
of 'H side-chain resonance assignments were obtained owing
to two factors. First, the sensitivity of homonuclear J corre-
lation experiments (COSY, P.COSY, DQF-COSY, HOH-
AHA, etc.) is reduced in larger proteins owing to their slow
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tumbling, which results in 'H line widths that are often sig-
nificantly larger than many of the !H-'H couplings. As a
result, only a limited number of relayed through-bond con-
nectivities were observed in the 'H-!N 3D HOHAHA-
HMQC experiments, thereby preventing in the majority of
cases the correlation of NH chemical shifts with those of
side-chain protons (CPH and beyond). Second, extensive
chemical shift overlap in the aliphatic region of the 2D 'H-'H

! Abbreviations: IL-18, interleukin-18; COSY, correlated spectros-
copy; HOHAHA, homonuclear Hartmann—Hahn spectroscopy; TOCSY,
total correlated spectroscopy; HMQC, heteronuclear multiple quantum
correlation spectroscopy; DQF-COSY, double quantum filtered corre-
lated spectroscopy; P.COSY, primitive correlated spectroscopy; HNCA,
3D triple-resonance NH-'*N-!3Ca correlation spectroscopy; HCCH-
COSY, 3D 'H-3C-3C-'H correlation spectroscopy via 'Jec carbon
couplings; HCCH-TOCSY, 3D 'H-!3C-!3C-'H total correlation spec-
troscopy with isotropic mixing of '*C magnetization; 'H-'*C NOESY-
HMQC, 3D heteronuclear 'H nuclear Overhauser '*C-'H multiple
quantum coherence spectroscopy; 'H-'*N NOESY-HMQC, 3D hetero-
nuclear 'H nuclear Overhauser '*N-!'H multiple quantum coherence
spectroscopy; '"H-""N HOHAHA-HMQC, 3D heteronuclear 'H Hart-
mann-Hahn ¥N-'H multiple quantum coherence spectroscopy; NOE,
nuclear Overhauser effect; rf, radiofrequency.
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P.COSY and HOHAHA spectra, coupled once again with
only limited relayed transfers in the relayed COSY and
HOHAHA spectra, rendered assignments difficult, particu-
larly for the longer side chain amino acids.

To circumvent these problems, we have resorted to tech-
niques that do not rely on the poorly resolved '"H-'H J cou-
plings to establish through-bond connectivities but, instead,
utilize the well-resolved one-bond 'H-'3C, 13C-13C, 'H-1°N,
and '"N-13Ca J couplings to transfer magnetization (Kay et
al., 1990a,b; Tkura et al., 1990a; Fesik et al., 1990; Bax et al.,
1990a,b). In this paper, we demonstrate that a variety of 3D
experiments based on these heteronuclear couplings enable
assignments of the side-chain 'H and '*C resonances to be
obtained with relative ease. The strategy involved comprises
two stages. In the first step the NH and !N chemical shifts,
which had been previously assigned from the 3D 'H-'’N
NOESY-HMQC and HOHAHA-HMQC spectra (Driscoll
et al., 1990a), are correlated with 1*Coa chemical shifts by use
of a triple-resonance 3D correlation experiment. This is
followed by the second step in which the identification of
side-chain spin systems is achieved by 3D 'H-3C-*C-'H
(HCCH)-COSY and HCCH-TOCSY spectroscopy. The
latter is a hybrid of the HCCH-COSY (Kay et al., 1990a; Bax
et al., 1990a) and CCH-TOCSY (Fesik et al., 1990) exper-
iments and utilizes isotropic mixing of '*C magnetization to
obtain relayed connectivities along the side chain. By this
mean, we were able to obtain, with the exception of only 4 (out
of a total of 15) lysines, complete 'H and '*C assignments for
the side-chain resonances of IL-183. These assignments lay the
groundwork for interpreting the 3D 'H-’N and 'H-13C
NOESY-HMQC spectra, as well as the 4D *C/"*N and
BC/MC edited NOESY spectra (Kay et al., 1990c), to obtain
a large number of approximate interproton distance restraints
required for a full high-resolution three-dimensional structure
determination of IL-18 in solution. In addition, the 13C as-
signments provide a large database of '3C chemical shifts in
proteins, supplementing the data previously available on iso-
lated amino acids and small peptides.

EXPERIMENTAL PROCEDURES

IL-18 Preparation and **C and N Labeling. Recombinant
I1-18 was prepared with Escherichia coli harboring the ex-
pression vector derived from pPLc24 (Buell et al., 1985) in
which II-18 is expressed under the control of bacteriophage
AP, promoter and the ribosome binding site of the bacterio-
phage Mu ner gene (Wingfield et al.,, 1986). Uniform *N
and 3C labeling to a level of >95% was obtained by growing
the bacteria in minimal medium with 'NH,Cl and ['*Cq]-
glucose (Isotec Inc. and MSD Isotopes) as the sole nitrogen
and carbon sources, respectively. IL-13 was purified as de-
scribed previously (Wingfield et al., 1986; Gronenborn et al.,
1986). The sample for the NMR experiments contained 1.7
mM uniformly SN/3C-labeled IL-18 in 90 mM sodium
phosphate buffer, pH 5.4, dissolved in either 99.996% D,0
(for the 3D HCCH-COSY, HCCH-TOCSY, and *C-'H
NOESY-HMQC experiments) or 90% H,0/10% D,0 (for
the 3D HNCA experiment).

NMR Spectroscopy. All NMR experiments were carried
out at 36 °C on either a Bruker AM600 or a Bruker AM500
spectrometer, operating in the “reverse” mode. The pulse
sequences used for the 3D triple-resonance HN-N-13Cq
correlation experiment (HNCA,; Ikura et al., 1990a; Kay et
al., 1990b) and the 3D double-resonance HCCH-COSY (Kay
et al., 1990a; Bax et al., 1990a) and HCCH-TOCSY (Bax
et al., 1990b) experiments have been described in detail pre-
viously and therefore will only be summarized below.
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The pulse sequence for the 3D HNCA experiment is

IH  90-1-1804-1-90g2 1804 90, 1804 90,  904-1-1804-T-Acq
15N 180g1 90g3-11/2-  -t1/2-8- 18045 -3-905 1804 Dec
3¢ 180, 90p4-t/2- -1/2-90,

13co « Decouple -

The phase cycling used is as follows: ¢1 = x,—x; ¢2 = y,-y;
$3=x ¢4 = Z(X),Z(—X); ¢5 = 4(x)’4(y)9 4(—x),4(—y); Acq
= x,~X,-x,x,—x,X,X,~X. The phases ¢3 and ¢4 are independ-
ently incremented by 90° to generate complex data in the ¢,
and ¢, dimensions, respectively, and quadrature detection in
both the ¢, and ¢, dimensions is achieved according to the
TPPI-States method (Marion et al., 1989). The delay 6 (33
ms) is adjusted to an integral value of 1/Jyy to ensure that
BN magnetization remains antiphase with respect to the
coupled proton and to approximately 1/(3/nc,) to minimize
relaxation losses and optimize transfer between the N and
BCa spins where significant ’N-'3Ca coupling is present. The
delay 7 is set to 2.25 ms, slightly shorter than 1/(4Jyy) to
minimize relaxation losses. The HNCA experiment was re-
corded on a 500-MHz spectrometer equipped with a 5-mm
triple-resonance probe head with the inner coil tuned to 'H
and 2H and the outer coil tuned to '3C and 'SN. The N
pulses were generated by the X channel of the spectrometer,
while the 3Ca and '3CO pulses were generated with two
additional frequency synthesizers. '*CO and N decoupling
were achieved with GARP (Shaka et al., 1985) and WALTZ
(Shaka et al., 1983) modulation, respectively. The 'H carrier
was placed at 8.67 ppm, the 5N carrier at 118.5 ppm, and
the 1*Cq carrier at 56 ppm. Suppression of the water reso-
nance was carried out with off-resonance DANTE-style pre-
saturation of the H,O signal (Kay et al., 1989). A total of
32 complex ¢, (°N), 64 complex ¢, (1*C), and 512 real ¢; ('H)
data points were collected with acquisition times of 30.08 (z,),
14.85 (¢,), and 64 ms (¢;) and spectral widths of 1064.28 Hz
(1)), 4310 Hz (1), and 4000 Hz (¢;). The total measurement
time for this experiment was approximately 32 h.

The pulse sequence for the 3D HCCH-COSY experiment
is

H 90y1-u2- -y g1 18047 180, 9043
3¢ 180g3  t-180p4-1-90y-1p/2-81-  -tp/2-180y5-81-096-A-52-180,-A-  -82-90;-
13co 18047

t 180, -Acg

13C 1-1806-7-90,-90p6-Dec

and that for the HCCH-TOCSY experiment is

H 90y un- e %041 18042 180, 9043
3¢ 180g3 180490y 2-1p/2-81-  -1/2-18045-51-SLgg-DIPS],-52-180x-52-90, -
3co 18047

B 180, -Acq

3¢ -1-180¢6-t-90X-90¢6-Dec

The phase cycling for both experiment is as follows: ¢1 = y,~y;
2 = 4(x),4(),4(-x),4(-p); $3 = 8(x),8(-x); 4 = 2(x),2(-x);
#5 = 2(x),2(1),2(=x),2(-p); 96 = 4(x),4(-x); ¢7 = 8(x),8(y);
Acq = 2(x,~x,—x,x),2(-x,x,x,—x). Quadrature detection in
the ¢, and ¢, dimensions is obtained with the TPPI-States
method (Marion et al., 1989) using ¥1 = 16(x),16(y) and ¢2
= 32(x),32(y). Each time ¢, is incremented, the receiver
reference phase and Y1 are incremented by 180°; similarly,
each time ¢, is incremented, the receiver phase and 2 are
incremented by 180°. Data obtained for ¥1 = x,y and Y2 =
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x,y are stored separately and processed as complex data. The
180,43 and 1804, pulses are composite 180° pulses (of the
90,180,90, variety). The 'H and !3C carriers were positioned
at 3 and 43 ppm, respectively. The carbonyl 180, pulse used
to decouple the carbonyls is applied as a DANTE series (Kay
et al., 1989) consisting of eight cycles of six 4°-5° pulses, with
the phase of each successive pulse decremented by 60°. The
duration of each cycle is set to 1/6 (~50-60 us), where 6 is
the offset of the carbonyl resonances from the !*C rf carrier.
In the case of the HCCH-TOCSY experiment, the duration
of the spin-lock trim pulse (SL) is 2 ms, and all the pulses of
the DIPSI-3 isotropic mixing sequence (Shaka et al., 1988)
are applied along the xy axis with a 7-kHz rf field strength.
The length used for the DIPSI-3 isotropic mixing period was
24 ms. The delay 7 is set to 1.5 ms, slightly less than 1/(4Jcy);
the delays 61 and 62 are set to ~1/(6Jcy) ~ 1.1 ms, and the
delay A+01 is set to ~1/(8Jcc) ~ 3.25 ms. To eliminate the
need for phase correction in the F; dimension, the duration
of the composite 180° '*C pulse (100 us) was added to the
7 delay between the 180, and 90,, 'H pulses. In the F, di-
mension, phase correction is eliminated by applying the 180,
'H pulse at the end of the first 61 interval. '*C decoupling
during the acquisition period (¢;) is achieved with GARP
(Shaka et al., 1985) modulation. The HCCH-COSY ex-
periment was recorded at 600 MHz while the HCCH-TOCSY
one was recorded at 500 MHz. A total of 128 complex 1, ('"H),
32 complex ¢, (13C), and 512 real ¢, (‘H) data points were
collected for both experiments with acquisition times of 28.16
(11), 10.24 (¢,) and 47.62 (¢;) ms for the HCCH-COSY ex-
periment at 600 MHz and acquisition times of 33.79 (#,), 12.29
(15), and 51.2 (¢;) ms for the HCCH-TOCSY experiment at
500 MHz. Thus, the spectral widths in the F|, and F, di-
mensions were the same for both experiments, 7.57 and 20.71
ppm, respectively, while the F spectral width was 8.96 ppm
for the HCCH-COSY experiment and 10 ppm for the HCCH-
TOCSY experiment. The total measurement time for each
experiment was approximately 70 h. Because the F, spectral
width for both experiments was set to 20.71 ppm, extensive
folding occurs in this dimension, and each 1*C slice contains
resonances corresponding to three different 13C chemical shifts.
In addition to the three correlation experiments, we also
recorded a 'H-B3C NOESY-HMQC experiment (Ikura et al.,
1990b; Zuiderweg et al., 1990) at 600 MHz with a 130-ms
() NOESY mixing time using the pulse sequence
'H 90g1- 1 -90x-Tpy-90x- 18042 Acq
el Dec A0y ty/2-

with phases ¢2 = 4(x),4(y) and Acq = x,2(-x),x,~x,2(x),~x.
Quadrature in F, and F, is obtained with the TPPI-States
method (Marion et al., 1989), with ¢1 = 4(x,~x),4(y,~y) and
¥ = 4[2(x),2(-x)],4[2()),2(-»)] and data for ¢1 = x,y and
¥ = x,y being stored separately to be processed as complex
data. Each time ¢, is incremented, ¢1 and the receiver phase
are incremented by 180°; and similarly, each time ¢, is in-
cremented,  and the receiver phase are incremented by 180°.
1BC decoupling during the ¢, and acquisition periods is achieved
with GARP (Shaka et al., 1985) modulation. The delay A
is set to 3 ms, slightly less than 1/(2Jcy). For convenience
the initial ¢, delay is adjusted such that the phase correction
in F, is —180° for the first-order phase and 90° for the
zero-order phase by setting Af,y/2 = [1150('H) + 47o(*C) /7
+ 1,(0)] by appropriate adjustment of 7,(0) (where At, is the
increment used in the r, dimension). The 'H carrier was placed
at 3.5 ppm and the 13C carrier at 71.8 ppm. A total of 128
complex t, (‘H), 64 complex t, (3C), and 512 real ¢, (‘H) data
points were collected with acquisition times of 24.32 (z,), 10.24

~t2/2-904-A-Dec

Clore et al.

(2,), and 47.62 (¢;) ms, corresponding to sweep widths of 8.76
(F)), 41.42 (F,), and 10.41 (F,;) ppm. Thus, the sweep width
employed in the 13C F, dimension was exactly double that used
for the HCCH-COSY and HCCH-TOCSY experiments. By
this means, any possible ambiguities in 13C chemical shifts
arising from folding are easily resolved by comparing the two
sets of experiments. In addition, the NOESY-HMQC spec-
trum provides an easy means of assigning the '*C chemical
shifts of aromatic carbons bound to protons.

Processing of 3D Spectra. All 3D NMR experiments were
processed on a Sun Sparc workstation using a simple in-
house-written routine for the F, Fourier transform together
with the commercially available software package NMR2 (New
Methods Research, Inc., Syracuse, NY) for processing the
F-F; planes, as described previously (Kay et al., 1989).
Zero-filling (once in each dimension) was employed to yield
a final absorptive spectrum of 128 X 64 X 512 data points for
the HNCA spectrum, 256 X 64 X 512 data points for the
HCCH-COSY and HCCH-TOCSY spectra, and 256 X 128
X 512 data points for the NOESY-HMQC spectrum. The
weighting function applied in the F, and F; dimensions was
a singly 60°-shifted sine bell window function, while a doubly
shifted sine bell function, shifted by 60° at the beginning of
the window and 10° at the end of the window, was used in
the F, dimension (Kay et al., 1989; Driscoll et al., 1990a).

RESULTS AND DISCUSSION

The NH, C*H, and "N chemical shifts had previously been
assigned unambiguously by the 3D 'H-'’N HOHAHA-
HMQC and NOESY-HMQC experiments (Driscoll et al.,
1990a). Because of extensive overlap of C*H chemical shifts,
a helpful first step in the assignment of side chains involves
the sequence-specific identification of '*Ca chemical shifts.
For larger proteins with many degenerate C*H chemical shifts,
the 3Ca shifts cannot simply be determined by recording a
2D 'H-"3C shift correlation spectrum (Brithweiler & Wagner,
1986), and a more sophisticated approach is required. To
correlate the C*H and *Ca chemical shifts of a given residue
unambiguously, we proceeded to use the 3D NH-'SN-13Ca
(HNCA) triple-resonance correlation experiment, which links
the intraresidue NH, !*N, and *Ca chemical shifts via the
large (95 Hz) one-bond !Jyy coupling and the relatively small
(8-12 Hz) one-bond 'Jyc, intraresidue coupling (Ikura et al.,
1990a; Kay et al., 1990b). Briefly, the HNCA experiment
transfers magnetization originating on an NH proton to its
directly bonded SN spin via an INEPT sequence, followed by
the evolution of *N chemical shifts during the period t,.
Subsequent application of 90° pulses to both 'H and *Ce spins
establishes three-spin NH-'N-'3Ca coherence, and the ev-
olution of solely 13Ca chemical shifts during the period 1, is
ensured by refocusing of 'H and N chemical shifts through
the application of 'H and '*N 180° pulses at the midpoint of
the ¢, period. Magnetization is then transferred back to the
NH protons by simply reversing the above procedure. The
end result is a 3D spectrum in which each peak is labeled by
N, Ca, and NH chemical shifts in the F,, F,, and F;,
dimensions, respectively.

Several slices of the 3D HNCA spectrum at different '>N-
(F}) chemical shifts are shown in Figure 1. It will be noted
that, in addition to the intraresidue NH(#)-""N(i)—-Ca(i)
correlations, there are also weaker interresidue NH(/)—!°N-
()-Caf(i-1) correlations which arise via the small (<7 Hz)
two-bond %Jyc, interresidue coupling. A total of 61 such
sequential connectivities were observed, all of which confirmed
the previous assignments. Further, these interresidue two-bond
J connectivities enabled us to obtain the *Ca chemical shift
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FIGURE 1: Representative slices at six different *N(F,) chemical shifts of the 3D HNCA spectrum of uniformly *N/!*C-labeled IL-18. The
intraresidue NH({)~1*N(#)-1*Ca({) correlations are indicated by the residue name and number, while the weaker interresidue NH(i)~'*N(i)-3Ca(i~1)

cross-peaks are indicated by residue number only.

assignments for seven of the eight proline residues [see for
example the Val-3(NH)-Val-3(**N)-Pro-2(!*Ca) cross-peak
at 8"*N = 119 ppm in Figure 1]. From the HNCA experiment
alone we were able to obtain the *Ce chemical shifts for all
but nine residues (Ala-1, Ser-17, Asn-53, Leu-62, Lys-63,
Pro-91, Ser-114, Ile-143, and Thr-144) which did not show
any correlations peaks. This may be due to either significant
line broadening of the NH, N, or *Ca line widths or to a
reduction in NH resonance intensity arising from NOE effects.
The latter is due to the selective presaturation employed to
suppress the water signal and may involve either bound water
or C*H protons degerate with the water resonance or rapidly
exchanging side-chain amide and guanidinium groups. In the
case of Leu-62 and Lys-63, the absence of HNCA correlation
peaks is in all likelihood due to the large >N line widths for
these two residues arising from exchange contributions to T,
(Clore et al., 1990b).

With all the C*H resonance assignments in hand, together
with the large majority of *Co assignments obtained from the
HNCA experiment, it is now possible to use the HCCH-
COSY (Bax et al., 1990a) and HCCH-TOCSY (Bax et al.,
1990b) experiments to delineate the amino acid spin systems.
The basis of the two experiments is similar, and they make
use of the well-resolved one-bond 'H-'*C (~140 Hz) and
13C-13C (30-40 Hz) J couplings to transfer magnetization,
thereby circumventing the problems associated with conven-
tional methodologies (e.g., "H-'H COSY, HOHAHA, etc.)
which rely on the poorly resolved (<12 Hz) 'H-'H J couplings.
The scheme for the two experiments is also similar. In the
first step, 'H magnetization from a proton is transferred to
its directly bonded !*C nucleus via the 'Jey coupling in an
INEPT-type manner. In the second step, *C magnetization
is transferred to its 1>C neighbor(s) via the /¢ coupling. In
the case of the HCCH-COSY experiment, this is achieved by
a 90° 13C COSY mixing pulse so that magnetization is only
transferred from a '3C nucleus to its directly bonded *C
neighbors; in the HCCH-TOCSY experiment, on the other
hand, isotropic mixing of '3C spins is achieved such that both
direct and multiple relayed magnetization transfer occurs along
the carbon chain (Fesik et al., 1990; Bax et al., 1990b). Fi-
nally, '*C magnetization is transferred back to 'H via the 'Jy

3¢ F2

7

4
L HF

FIGURE 2: Schematic diagram of two slices of an HCCH spectrum
at different >)C(F,) chemical shifts showing the diagonal and
cross-peaks expected for a simple two-spin system. The diagonal peaks
are represented by circles and the cross-peaks by squares. Note that
each slice is asymmetric about the diagonal, and cross-peaks only
appear in the Fy dimension. This is due to the fact that magnetization
originating from a proton attached to a given 1*C nucleus is only visible
in the F, slice corresponding to the *C chemical shift of this particular
13C nucleus. The corresponding cross-peak at the other side of the
F| = F, diagonal is found in the slice taken at the 1*C frequency of
the destination carbon.

coupling. The final result is a 3D spectrum in which each
YH(F,)-'H(F) plane has an appearance similar to that of a
2D 'H-'H COSY or HOHAHA /TOCSY experiment but is
edited by the 1*C chemical shift of the '3C nucleus directly
bonded to the 'H at the diagonal position from which
magnetization originates. Further, in contrast to the 2D
correlation experiments, the cross-peaks in each plane do not
occur symmetrically on either side of the diagonal. This is
represented diagrammatically in Figure 2. Consider the case
where magnetization is transferred from proton A to proton
B. In the plane corresponding to the '3C chemical shift of the
13C nucleus directly bonded to proton A where magnetization
originates, a correlation is observed between a diagonal peak
at (F1,F;) = (865,04) and a cross-peak at (Fy,F3) = (8,,0g) in
half of the spectrum. The symmetric correlation between the
diagonal peak at (F|,F3) = (6g,0p) and the cross-peak at (F,,F;)
= (8g,8,) is then seen in the plane corresponding to the 13C
chemical shift of the *C nucleus directly bonded to proton
B. By this means, unambiguous checks on the assignments
are afforded at each step in the process, which are made all
the easier as the 1*C chemical shifts for different carbon types
are located in characteristic regions of the '3C spectrum with
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FIGURE 3: Selected slices at different '’C(F,) chemical shifts of the HCCH-COSY spectrum of uniformly !N /'3C-labeled IL-18, principally
illustrating connectivities involving Gly and Ser residues. Note, that owing to the small sweep width (20.71 ppm) employed in the 1*C(F,)
dimension, extensive folding occurs, so that each slice corresponds to several 1*C chemical shifts with a separation of 20.71 ppm. Note that
the separation between successive slices in the F, dimension is 0.32 ppm (48 Hz), so that cross-peaks originating from a particular proton may
appear in adjacent slices.

little overlap between them (Howarth & Lilley, 1978). This , — — 2

feature also permits one to use extensive folding in the *C(F,) 13C (F2) = 3761 ppm R

dimension without the risk of introducing ambiguities. Fur- . i

ther, this enables one to resolve problems associated with L 3

extensive chemical shift degeneracy. For example, even if the

C2H, 3Ca, and CPH chemical shifts of two residues are de- T ™ 5 =

generate, one can still ascertain that two residues rather than a 'S 3% o

one are involved and trace out the connectivities for the re- N7 Nms g

mainder of the two spin systems, providing the 3C8 chemical o " — i 4 . 3 E

shifts of the two residues are different. v24 gp%o: pofe— K b
“The HCCH-COSY experiment is particularly useful for ! o P F -

identifying Gly, Ala, Thr, and Val spin systems, as well as 13¢ (F2) = 38.92 ppm " . ' 4

amino acids of the AMX type (e.g., Ser, Cys, Asn, Asp, His, 6 5 4 3 5 1

Tyr, Phe, and Trp). This is illustrated in Figures 3-5. Figure 1H F3 (ppm)

3 p.”“c‘Pa“y demor_lstrates the use of the H(.:CH-COSY ex- FIGURE 4: Selected slices at different '3C (F,) chemical shifts of the

periment for the assignment of Gly and Ser spin systems. Both HCCH-COSY spectrum of uniformly 1N /%3C-1 abeled IL-18 illus-

these residues tend to pose problems in conventional 'H-'H trating connectivities from the C°H to C*H protons for AMX spin

correlation spectra as the proton resonances are often very close systems. In the bottom panel, two cross-peaks from the CtH to the

to each other. Each slice corresponds to several 13C shifts C?H protons of a lysine residue are assigned. These peaks originate

13 . _ from one of the four lysine residues (out of a total of 15 lysines present
separated by 20.71 ppm. Gly "Ca shifts occur at 42-46 ppm, in IL-18) for which complete side-chain assignments could not be

while 3Ca and 3Cg shifts of Ser occur at 55-60 and 61-67 obtained.
ppm, respectively. The two Gly C*H protons are attached to

the same Co carbon, so that a symmetric pattern appears always upfield of the C8 one. Examples of other cross-peaks
about the diagonal. The same is true, of course, for §-meth- arising from the CPH protons of AMX spin systems are il-
ylene protons. However, the 3-methylene protons are also lustrated in Figure 4 for a number of Tyr, Phe, Asn, and Asp
associated with cross-peaks to the C*H proton. Consequently, residues. The assignment of Ala spin systems is also com-
there is no difficulty in deciding which peaks originate from pletely straightforward as only two 3C and 'H shifts are
C=H protons of Gly and C®H protons of either Ser (left-hand involved.

and middle top panels of Figure 3) or another AMX spin Thr and Val spin systems display characteristic connectiv-
system such as Phe whose C8 has a chemical shift similar to ities originating from the C®H protons to the C*H and C"H
that of the Gly Ca (right-hand top panel of Figure 3). The methyl protons. The Thr C8 chemical shifts are at 70-73 ppm,
assignment of the Ser spin system is easily checked by exam- while those of Val are at 31-37 ppm, so the cross-peaks arising
ining the slices corresponding to the Ca and C8 chemical shifts from a CPH proton of a Val or Thr residue can be distinguished
of Ser (e.g., left-hand and middle bottom panels of Figure 3). (irrespective of arguments based on C°H chemical shifts) even
In this respect, we note that in conventional 'H~'H correlated when the chemical shifts of the two methyl proton resonances
spectra it is often difficult to ascertain the C*H and C°H of Val are degenerate. Some examples of connectivities arising
chemical shifts of Ser for cases where the CPH shifts are from the CPH proton of Thr are illustrated in Figure 6 (middle
degenerate, as the latter may lie to both low and high field panel).

of the C*H shifts. In the case of the HCCH-COSY experi- Despite the resolution afforded by the *C(F,) dimension
ment, this is simply resolved as the 13C chemical shifts of the in the HCCH-COSY experiment, problems still remain with

Ca and Cg carbons differ by 2-10 ppm, with the Ca resonance regard to the assignment of other spin systems. For example,
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FIGURE 5: Amount of net intraresidue carbon—carbon magnetization transfer occurring during the DIPSI-3 mixing period in the HCCH-TOCSY
experiment, assuming a relaxation rate of '*C magnetization during isotropic mixing equal to 33 s™. Because of Joc dephasing during the
81, 82, and ¢, periods in the pulse sequence (see Experimental Procedures), the curves should be shifted toward the left by several milliseconds
for predicting the cross-peak intensities observed in the HCCH-TOCSY spectrum. Cross-peak intensities in the HCCH-TOCSY experiment
are proportional to the amount of carbon-carbon magnetization transfer but are attenuated 2-fold if one of the carbons has two magnetically
inequivalent protons attached and 4-fold if both carbons have nonequivalent protons attached. Reduced effective carbon—carbons J couplings
(Bax et al., 1990b) have been used for calculating these graphs: Ser, J,5 = 35 Hz; Ala, J,5 = 25 Hz; Thr, J4 = 20 Hz, Jg, = 35 Hz; Glu,
Jos = 30 Hz; Jg, = 33 Hz; Val, J 4 = 27 Hz, Jg, = 30 Hz; Pro, J,4 = 27 Hz, Jg, = J,; = 33 Hz; Lys, J,5 = 30 Hz, Jg, = Jg = Jj = 33
Hz; Leu, J 4 = Jg, = 30 Hz, J,s = 33 Hz; lle, J 5 = Jg, = 27 Hz, Jp, = J,; = 30 Hz. AIY multiple-bond carboen—carbon couplings are assumed
to be zero, and couplings between aliphatic and carbonyl resonances have been neglected because the large resonance chemical shift difference
between the aromatic and carbonyl nuclei on the one hand and the aliphatic carbons on the other reduces their effective J couplings to aliphatic
carbons (Shaka et al., 1988; Bax et al., 1990b).

it is frequently the case for Gln, Glu, Met, and Leu spin v v 5T 10
systems ctlhat the chemical shifts of the C#H and CYH protons EQ%Z??=,13C (F2)=21.17 ppmﬁ‘ﬂ 5 15

are similar and sometimes degenerate. Consequently, it is i - — = — = 10
often difficult to locate the CPH-C"H connectivities unam- [‘iﬁ—%ﬁu —cE=0 SEHig@« ‘

biguously in the HCCH-COSY spectrum. These problems T i i i ! 150, =
are even further exacerbated for longer side-chain spin systems 5 g I1ua 8 &
such as Arg, Pro, and Lys. The same problem presents itself a T4 ¥ =
in the interpretation of regular 2D 'H-'H COSY type spectra , T i 'BC FB=Toem , 50 =
and can be circumvented by means of experiments that detect — 7 3w A 45 ~
not only direct but relayed through-bond connectivities, for m‘%° LA S
example, relayed COSY and HOHAHA /TOCSY spectros- CTET cqposweipm . 0 T

copy. Similarly, the ambiguities present for longer side-chain z * A ) A ] 5 55

spin systems in the HCCH-COSY experiment can be resolved
unambiguously by recording an HCCH-TOCSY experiment
in which carbon magnetization is transferred along the carbon
chain by isotropic mixing.

In order to ensure that the HCCH-TOCSY experiment is
recorded under conditions which are optimal for the obser-
vation of relayed connectivities, it is essential to consider in
detail the expected theoretical cross-peak intensities as a
function of isotropic mixing time. As discussed previously (Bax
et al., 1990b), the DIPSI-3 sequence (Shaka et al., 1988) is
ideally suited for isotropic mixing of '3C magnetization. For
the case of 13C with relatively large homonuclear couplings
(30-40 Hz), the DIPSI-3 sequence can cover a bandwidth of

LH F3 (ppm)

FIGURE 6: Selected slices at different '*C(F,) chemical shifts of the
HCCH-TOCSY (first and fourth panels) and HCCH-COSY (second
and third panels) spectra of uniformly *N/!3C-labeled IL-18 prin-
cipally illustrating Thr spin sysems. Note that the direct C"H-C*H
and C*H-CPH cross-peaks for the threonine spin systems are either
very weak or absent in the HCCH-TOCSY spectrum but are strong
in the HCCH-COSY spectrum.

ca. £0.75», where » is the strength of the applied '*C rf field.
Thus, on a S00-MHz spectrometer, an rf field strength of only
~7 kHz is needed for efficient isotropic mixing of the aliphatic
resonances. On our inverse 'H probe head, this requires 12.5
W of rf power, which is sufficiently low to permit mixing for
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durations as long as 25 ms without causing substantial sample
heating. The rate at which magnetization is transferred from
one carbon to its neighbor depends on the size of the effective
J coupling, J.4, present during the mixing period. For coupled
BC nuclei with widely different chemical shifts (e.g., Thr-C8
and -Cv), the effective J coupling can be substantially smaller
than the real J coupling (Bax et al., 1990b). This results in
a significant reduction in the rate of 3C magnetization transfer
which must be taken into account in simulations of the
magnetization transfer process.

Figure 5 shows the calculated fraction of magnetization that
is transferred from one carbon to another as a function of the
length of the isotropic mixing period for various amino acids.
These simulations employ approximate values for the effective
J couplings that are smaller than the real J couplings
(Tran-Dinh et al., 1974; Jogn et al., 1974; Krivdin & Kalabin,
1989). This apparent reduction depends on the difference
between the 1C shifts of the coupled *C resonances and was
estimated with an rf field of 7 kHz and a '*C frequency of
125.76 MHz (i.e., a 500-MHz spectrometer). It should be
noted, however, that the general shape of these curves does
not depend strongly on either the rf field or the magnetic field
strength. In all the simulations, the presence of carbonyl or
aromatic carbons has been neglected because the effective J
coupling during isotropic mixing to the aliphatic carbon is very
small (<10 Hz). In addition, for simplicity, the magnetization
of all 3C nuclei was assumed to relax at a rate of 33 s™ during
the isotropic mixing period. Because in-phase and antiphase
magnetization components that participate in the magneti-
zation transfer process relax at different rates, a proper cal-
culation of the pertinent relaxation rates occurring during
isotropic mixing is rather complex. The relaxation rate used
for the simulation corresponds to the magnetization transfer
pathway that results in cross-peaks, assuming a chain of
methine carbons, tumbling isotropically with a correlation time
of 10 ns and an order parameter S? of 0.85. In practice, of
course, 13C relaxation rates will vary over a substantial range,
depending on the local order parameter (i.e., internal mobility)
and on the number of protons attached to the *C nucleus.
Thus, the curves shown in Figure 5 provide only an approx-
imate, but very useful, guide of what magnetization transfer
to expect for a given mixing time duration. Calculation of
exact curves would require accurate knowledge of 'Jo¢ cou-
plings, 3C chemical shifts, and longitudinal and transverse
13C relaxation rates. Cross-peak intensities observed in the
HCCH-TOCSY experiment are proportional to the amount
of carbon—carbon magnetization transfer but are attenuated
2-fold if one of the carbons has two magnetically inequivalent
protons attached and 4-fold if both carbons have nonequivalent
protons attached.

For the simplest case of a two-spin system, transfer of
magnetization from one carbon to its neighbor occurs in a
cosinusoidal manner (Braunschweiler & Ernst, 1983), with
a period of 1/J. For Ala, the Ca and Cg resonances differ
in chemical shift by ~33 ppm, and consequently, J (25 Hz)
is much smaller than the real J¢,cg coupling (35 Hz). For
Ser, the difference in Ca and CB shifts is typically small (<10
ppm) so that the effective J coupling will be close to its normal
value (37 Hz). As a result, magnetization transfer between
the Ca and CB carbons occurs faster for Ser than for Ala
residues (top left-hand panel in Figure 5). For other two-
carbon systems (i.e., His, Phe, Tyr, Trp, Cys, Asp, and Asn)
magnetization occurs at a rate that is intermediate between
the Ala and Ser curves. Similarly, the Jc,cg coupling for Thr
is close to its regular value as the Ca — CB chemical shift

Clore et al.

difference is typically less than 10 ppm, whereas the Jcgc,
coupling is reduced by almost 50% because of the large C3
— Cy chemical shift difference (~50 ppm). Even though the
carbon topology of the Thr side chain is the same as that for
Glu, the reduction in the Thr Jcgc, coupling caused by offset
effects makes the transfer of magnetization from the C8 to
the Cy carbon considerably less efficient in Thr than in Glu,
as is readily seen in Figure 5. The transfer efficiency shown
for Glu also applies to Gln and Met.

The magnetization transfer efficiencies in Pro and Arg are
also very similar, although transfer to the Cé of Arg may often
appear more intense than that for the Cé of Pro due to the
frequently observed increase in mobility at the end of the long
Arg side chain. For both residues the effective Jc,cg coupling
is significantly smaller than the real J coupling because of the
large difference in Ca and C8 chemical shifts. Note that if
all one-bond Jc couplings were identical, transfer from Ca
to CB would follow the same curve as transfer from C§ to Cy
and transfer from Ca to Cy would be identical with transfer
from Cd to CB. For Lys, Jc,cg is expected to be only slightly
smaller than the other one-bond couplings. Thus, transfer from
Ce to Co (not shown) follows the same pattern as from Ca
to CB, and so on.

The curves shown in Figure 5 are calculated for net
magnetization transfer during the isotropic mixing period
alone. In practice, however, dephasing of 1*C magnetization
also occurs during the 61 and 62 periods (cf. the HCCH-
TOCSY pulse scheme under Experimental Procedures). This
has the effect of shifting the curves displayed in Figure 5 to
the left by several milliseconds. In addition, Joc dephasing
occurs during the evolution period ¢,. This also results in a
left shift of the curves, but by a variable amount depending
on the ¢, duration, and, in addition, causes F, line shapes to
deviate slightly from the ideal absorptive phase.

From analysis of the theoretical curves shown in Figure 5,
we concluded that an isotropic mixing time in the range 20-30
ms was optimal for the observation of relayed connectivities.
Examples of different sorts of relayed connectivities observed
in the 24-ms mixing time HCCH-TOCSY spectra are illus-
trated in Figures 6-10.

Figure 6 illustrates some Thr spin systems and affords a
comparison of the HCCH-COSY and HCCH-TOCSY
spectra. The top two panels in Figure 6 are taken at the same
13C chemical shift of 21.17 ppm and illustrate the connectivities
that are observed from the C*H proton of Thr in the 24-ms
HCCH-TOCSY (first panel) and the HCCH-COSY (second
panel) spectra. In the HCCH-COSY spectrum, a strong
cross-peak corresponding to the direct connectivity to the CPH
proton is observed, while in the HCCH-TOCSY spectrum a
strong cross-peak arises from the relayed C*H-C*H connec-
tivity. As predicted from the simulations (Figure 5), the direct
C"H—CPH connectivity is not observed in the HCCH-TOCSY
spectrum recorded with a 24-ms isotropic mixing time. In the
case of Val, on the other hand, the intensities of the relayed
C"H-C*H and direct CYH-CPH cross-peaks are comparable
and slightly weaker than that of the relayed C**H-C**H
cross-peak between the two methy! carbons (cf. the theoretical
curves in Figure 5 and the experimental data in the bottom
panel of Figure 6 and the top two panels of Figure 9).

Figure 7 illustrates relayed connectivities originating from
the C*H proton for a number of different amino acid spin
systems in the 24-ms HCCH-TOCSY spectrum. Note that
complete spin systems may be delineated not only for AM-
(PT)X spin systems such as Glu, Gln, and Met (see slices at
53.38, 55.03, 56.68, 57.99, and 58.65 ppm) but also for Val,
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FIGURE 7: Selected slices at different 13C(F,) chemical shifts of the
HCCH-TOCSY spectrum of uniformly SN /!*C-labeled IL-18 il-
lustrating relayed connectivities originating from the C*H proton of
several longer side chain amino acid spin systems such as Glu, Gln,
Met, Pro, Arg, and Lys.

Pro, Arg, and Lys. It should be noted, however, that the C3
and C~ chemical shifts of Met are very similar, and likewise,
the difference in C8 and Cy chemical shift for Gln and Glu
may be as small as | ppm (e.g., Glu-111 in Table I). Con-
sequently, it is essential in these cases to verify the identifi-
cation of the direct C*H-CPH connectivities with the HCCH-
COSY experiment, even though the intensity of the C*H-C"H
cross-peaks is usually significantly stronger, and never weaker,
than those of the direct C*H-CPH cross-peaks in the 24-ms
HCCH-TOCSY spectrum. Examples of Val spin systems are
evident at 6!13C = 57.99 ppm (Val-58 and Val-85) and 6'3C
= 58.65 ppm (Val-19 and Val-72). In the case of the Val spin
systems, the intensities of the direct C*H-CPH and relayed
CH-C"H cross-peaks are comparable, although the latter
tend to be slightly stronger because the C*H proton resonance
is narrower than the C®H one. Complete spin systems for
several Leu residues (Leu-6, Leu-29, Leu-31, Leu-60, Leu-73,
Leu-80, and Leu-82) may be seen in the slices at §'*C = 53.38
and 55.03 ppm, and the intensities of the direct C*H~CFH and
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FIGURE 8: Selected slices at different 3C(F,) chemical shifts of the
HCCH-TOCSY spectrum of uniformly **N/13C-labeled IL-18 il-
lustrating multiple relayed connectivities originating from the C°H,,
C*™H,, and CPH protons of several Ile spin systems.
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FIGURE 9: Selected slices at different 1*C(F,) chemical shifts of the
HCCH-TOCSY spectrum of uniformly N /13C-labeled IL-18 il-
lustrating multiple relayed connectivities originating from the C"H,
protons of Val, the C°H, and C*H protons of Leu, and the C*H protons
of Lys.

relayed C*H-C"H and C*H-C’H cross-peaks are usually
comparable, as expected for a mixing time of 24 ms from the
theoretical curves in Figure 5. Two Ile residues at §!°C =
56.68 ppm (Ile-56) and §'*C = 58.65-59.30 ppm (Ile-106; note
that the C*™H and C*H methyl resonances are superimposed)
are also present in Figure 7. For this spin system, the ratio
of cross-peak intensities tends to follow the pattern C*H-C"™H
> C*H-C’H ~C*H-CfH > C*H-C"H. Although the latter
cross-peaks are weak, they are still clearly detectable, which
is rarely the case in conventional 'H-'H 2D HOHAHA
spectra of much smaller proteins of 40-60 residues.

As discussed above in relation to the theoretical simulations,
the behavior of Pro and Arg spin systems in the HCCH-
TOCSY spectrum should be similar, with the proviso that
connectivities to the C*H proton of arginine would be expected



8180 Biochemistry, Vol. 29, No. 35, 1990

Clore et al.

Table I: 'H and 13C Assignments for Uniformly *N/!3C-Labeled IL-18 at 36 °C and pH 5.4

Gly
g
3¢
Iy
3¢
Ala
Iq
3¢
Iy
3¢
Ser
IH
3¢
Iq
3¢
1H
13C
Iy
13¢
Asn/Asp
D
3¢
IH
3¢
Iy
3¢
tH
3¢
H
13¢
Cys
1y
13¢
His
1y
13¢
Tyr
Ca
Iy 478
3¢ 55.36
Co
I 4.19
3¢ 55.69
Phe
Ca
H 504
Bc 5668
Ca
IH 516
3¢ 5116
Ca
H 523
Be 3569
Ca
H 527
B¢ 5486
Ca
g 4.77
Be 5782
Trp
g
13¢
Met
Ca
g 490
Be 5486
Ca
Iy 423
3¢ 5339
Glu/Gln
Ca
IH 455
Be 5437
Ca
In 4.53
Bc  s421

G22 Ca G33 Ca G49 Ca G61 Co
412,397 3.99.3.77 4.12,3.94 415,238
43.85 46.33 44.51 42,05
G135 Ca G136 Ca G139 Ca G140 Ca
4.92,4.02 3.84,2.93 4.02,3.83 4.203.78
4468 44.02 45.00 44.35
Al A28 Alls A5%
Ca CB Ca cp Ca CcB Ca CcB
4.36 147 6,16 131 4.05 117 542 1.51
50.26 17.23 49.95 21.33 53.06 17.72 50.26 22.65
Al27
Co CB
4.38 1.44
50.92 19.20
85 $13 s17 8§21
Ca Cp Ca CB Ca B Ca CcB
567 3.68,3.55 3.99 3.95,3.65 491 4.03,3.76 4.52 3,60,3.52
56.34  65.55 59.79 6161 5847 6505 $6.18  62.59
543 845 $52 §70
Ca CB Ca cp Ca cp Ca cp
5.16 3.613.45 5.36 3.71,3.58 4.63 3.97,3.88 5.23 3.66,3.28
5585  63.08 5635 6472 56.84  63.74 5519  66.70
S84 S114 5123 §125
Ca Ccp Ca B Ca B Ca CcB
5.15 3.92,3.90 3.90 4.374.10 5.82 3.00,2.06 497 3.98,3.93
5782 63.08 58.65  62.59 5700 6687 56.18  63.74
s152 S153
Ca cB Ca [¢}
448 3.94,3.94 4.31 3.89,3.89
57.82 6341 59.14  64.40
N7 D12 D35 NS53
Co CcB Ca CB Ca B Ca B
6.25 2.86,2.32 4.65 2.69,2.28 4.5 2.89,2.79 4.60 2.90,2.83
5125 3892 5273 4040 54.53 4040 5387 37.77
D54 N66 D75 D76
Ca cB Ca Ccp Co CcB Ca cp
4.59 2.77.2.717 441 3,14,3.01 4.15 2.81,2.66 4.07 2.86,2.79
53.87 4007 5339 3629 5519 3875 5503  39.58
D86 N89 N102 N107
Ca cB Ca B Ca B Ca cB
4.90 2.96,2.69 4.75 2.64,2.59 5.01 2.92,2.29 427 299,2.72
50.56 4155 5240 40.73 5191 3892 53.87 3645
N108 N119 NI29 D142
Ca CB Ca B Ca B Ca B
4.38 3.02,3.02 4.04 3.37,3.03 4.18 3.31,2.55 493 2.82,2.57
54.21 37.11 54.86  37.44 53.87 37.44 53.55 41.06
D145
Ca CB
558 2,54,2.42
5223 4270
C8 cn
Ca Ccp Ca B
5.76 2.96,2.86 5.53 2.86,2.46
5519 3235 56.02 2972
H30
Ca B
4.69 3.233.16
58.81  27.25
Y24 Y68
cp cs Ce Ca cB cs Ce
3.54,.2.76 7.09 678 4.96 3.08,2.51 6.88 6.51
38.76 13314 11732 56.84 42.54 132.16  116.50
Y90 Y121
C (o] Ce Ca CB Cs Ce
2.50,2.30 6,74 6.63 5.64 3.50,2.41 7.01 6.63
40.89 13216 11748 56.02 41.39 132,65 117.32
Fa2 F46
o] [ Ce cL Ca CB cs Ce ct
3.07257 690 7.00 6.62 477 337298 1723 7.13 7.23
40.56 13069 13020 12743 58.15 3744 131.50 129.87 128.74
F99 F101
cB cs Ce [o'4 Ca CB cs Ce cL
3.69,2.87 7.51 7.04 6.89 515 270,267 6.98 7.06 6.81
40.73 131.02 130.53 129.22 55.36 41.88 130.85 13037  128.74
F112 F117
cp cs Ce (o4 Ca B cs Ce cg
2.54236 6.62 6.65 6.63 486 264,258 691 6.81 6.91
41.23 130.53 130,53 129.22 52.89 3827 132.16 129.87 12841
F133 F146
o] cs Ce ct Ca CB cs Ce g
330,297 7.3 7.23 7.13 522 3.08263 7.01 7.11 6.81
41.55 133.14 13020 12922 55.69 43.69 130.85 13037 128.74
F1s0
o] cs Ce ¢4
3.263.03 7.33 7.39 7.39
38.76 130.85 130.85 129.06
w120
Ca B cg2 o2 3 Ce3 cs1
4.98 3.67,2.92 745 721 721 7.10 7.30
56.51 28.73 113.73 12384 12124 118.95
M20 M36 M44
cp Cy Ca Cc8 Cy Ca o] Cy
219,170 2.50,2.30 4.21 2.05,2.05 2.692.53 530 223,156 223,223
31.85 31.85 56.84 3136 30.87 53.55 3481 34.32
M95 M130 Mi48
CcB Cy Ca CB Cy Ca CcB Cy
2.00,1.76  2.75,2.50 523 2.36,2.15 2.72,2.36 539 1.78,1.78 221,200
33.67 32.68 51.58 31.36 3202 5322 3678 31.20
Q14 Qls E25
CB Cy Ca Ccp Cy Ca [s] Cy
2.56,1.59  2.36,2.36 3.55 2.62,2.53 239225 4.67 204,194 230,224
27.81 33.50 56.68 24.62 33.01 5519 33.83 36.45
Q32 Q34 E37
o] Cy Ca CB Cy Ca Cp Cy
2.19,1.98 231,225 427 210,210 242 422 2.10,2.02 236236
30.20 3284 56.51 27.58 3301 57.16 2857 3531
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13¢

g
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61.28

Ca
4.50
62.42

Ca
4.02
63.58

Ca
3.19
62.92

Ca
425
62.26

Ca
5.20
62.26

Q38 Q39 Q48
o] Cy Ca CcB Cy Ca CcB Cy
2.23,1.97 250,240 442 2.30,2.03 2.56,2.42 444 208,197 242242
29.06 33.67 5585 2922 33.99 5536 29.06 33.34
ESO E51 E64
CB Cy Ca CB Cy Co CB Cy
2.06,1.92 2.252.25 450 211,201 234227 398 224,209 224224
2922 35.64 5552 302t 3564 57.82 2791 33.34
Q81 E83 E96
cp cy Ca CB cy Ca R cy
211,211 269,251 463 210,195 231,231 4.09 223208 273,244
31.69 3218 5405 3284 36.62 58.65 28.08 36.95
E105 E1ll E113
Ccp Cy Ca Ccg Cy Ca CcB Cy
1.94,1.73  2.14,2.05 5.00 199,1.99 222211 4.47 142,142 2.66,2.56
30.54 35.47 53.06 3152 3235 53.87 2873 33.99
Q116 Q126 El28
Ccp Cy Ca CB Cy Co cp Cy
142,098 131,072 398 224201 2.632.38 404 227196 2.562.50
28.73 32.35 57.66 28.24 3334 53.52 3071 34.32
Q141 Q148
Ccp Cy Ca CB Cy
220,200  2.39,239 4.63 207,199 231225
28.89 33.01 $3.55 29.55 33.67
T T79 T124
B Cy Ca &) Cy Ca cp Cy
4.39 1.18 4.58 393 1.20 483 439 1.16
7147 2101 61.60 7228 2035 5799 7031 21.01
T137 Ti144 T147
CB Cy Ca CB Cy Ce CcB Cy
399 096 499 439 096 4.74 419 122
70.15  20.52 59.96 70.81 21.33 60.78 69.65 20.52
v3 vi9 V40
cB Cy Ca CcB Cy Co CcB Cy
193 083,083 4.68 203 078,066 3.78 158 0.62,0.19
32,68 20.68,21.88 58.46 3560 21.50,19.50 61.60 32.00 19.50,20.80
L3} V47 V58
Ccp Cy Ca cB Cy Ca CcB Cy
1.83  0.85085 466 251 095073 564 208 082073
32.35  21.50,20.50 59.79 3270 21.50,18.87 57.9% 3662 17.89,21.20
V72 V85 Y100
B Cy Ca CB Cy Ca CB Cy
199  0.71,055 4.59 152 0.33,025 4.36 1.92 090,082
35.60 20.68,17.76 5766 3446 17.89,19.86 62.90 3169 22492085
V132 V151l
B Cy Ca B Cy
175 0.86,0.86 436 184 095090
31.69 22822052 60.90 33.00 22.16,20.66
L6 L10
o) cy C8 Ca CB cy C8
1.82,1.81 1.84 102,098 545 1.53,1.07 1.18  0.58,-0.40
45.00 26.10 25.28,25.28 53.06 46.31 2643 23.15,22.82
L8 L26
cB cy Cs Ca CB cy ¢
215,140 186 089,077 5.24 163,142 163 0.89,0.83
42,04 28.24  23.96,23.96 52.56 45.00 2578  24.60,24.60
L29 L31
CB Cy c3 Ca CcB Cy Cc8
1.65,1.58 142  0.86,0.83 467 168,125 1.64 0.89,0.83
43.86 27.09 25.61,25.61 53.06 4434 2578 25.78,25.78
L60 Ls2
CB Cy (82 Ca cp Cy o]
1.50,0.86 1.03  0.08,-0.56 446 142,136 125 064,044
4484 26.10 22.81,23.80 5372 4024 28.24 24.85,24.85
L67 L69
B Cy Ccs Ca B Cy cs
1.42,1.17  1.61 0.89,0.89 4.84 200,169 169  0.67,0.67
4747 2245 25.78,25.78 56.02 44.67 28.56  23.96,23.96
L73 L80
o} Cy ot Ca CcB Cy Ccé
148,136 135 0.59,043 5.13 2.00,1.50  1.60,1.09,0.75
42.36 26.26 23.63,23.63 53.39 4386 26.43  23.80,25.61
182 L110
[oi1} Cy cs Ca Cp Cy Ccé
186,139 161 075075 542 136,094 154 077,073
42,04 2822 24.46,24.46 53.06 4517 26.76 25.94 24.13
1134
CB Cy [ol}
1.89,1.67 197 1.00,0.89
43.36 27.58 24.13,24.29
156 1104
G Cm Cy cs Co CB Cm Cy cs
2.09 116 1.61,1.39 093 445 174 090 1.61,1.00 1.07
3991 1657 26.76 11.64 59.96 40.89 1690 27.25 11.64
1106 122
Ccp Cym Cy s Ca CB Cym Cy cs
168 080 136103 078 384 162 041 1.50,050  -0.49
3991 1559 27.09 12.96 65.60 3629 1559 28.08 10.82
1143
[o) Cym Cy o]
253 078 242139 053
3597 18.87 27.08 13.28
P2 p2+b
ec) Cy Ccs Ca CB Cy Ccé
2.31,1.89  2.00,2.00 3.68,3.59 450 245200 205200 3.43338
31.69 26.76 49.93 6144 3218 25.78 48.79
P23 P57
cp Cy Ccs Ca Cp Cy Ccs
197,1.14  1.86,1.77 3.59,3.44 5.37 2.15,1.83  2/24,1.86 4.053.96
31.20 26.43 48.46 6193 3136 26.76 51.09
P78 P87
CB Cy Ccs Ca CB Cy cs
0.31,0.19  0.03,-0.29 3.06,2.08 452 236,208 205199 4.184.05
31.04 26.01 50.47 63.58  31.69 26.69 50.76
P91 P18
Ccp Cy Ccs Ca CB Cy (&3
232,192 1.94,1.67 3.67,2.44 4.40 2.29,1.78  2.00,1.87 3.54,3.31
33.67 24.21 49.27 62,92 31.69 27.09 49.44
P131
o) Cy Cs
2.53,1.95 217,200 4.02,3.78
3235 27.75 50.43
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Table I (Continued)

Arg
R4 Rl
Ca CB Cy Ccs Ca cp Cy [¢!]
IH 450 200194 177,158 3.173.06 531 164,164 167,167 3.083.00
3¢ 5569 3071 27.09 42,70 53.54 3415 26.92 4336
R98
Ca CB Cy [o]
g 389 142133 158,153 297292
Be 5815 3235 29.06 4123
Lys
K16
Ca  Cp Cy c8 Ce
Iy 366 200093 124,138 200124 265265
lic 58.32 29.92 41.23
K27
Ca [o)i] Cy Ccs Ce
K 517 189,149 119,100 149,149 278,278
3¢ 54.53 3695 24.86 29.06 4171
K55
Ca CB Cy C8 Ce
1y 472 173,150 144,127 158,158 292292
3¢ 5486 33.99 24,29 29.06 41.23
K63
Ca CcB Cy Ccs Ce
Iy 384 - . . -
13¢ N .
K65
Ca B Cy c8 Ce
Iy 448 177142 100,081 142,136 3.00,3.00
B3¢ 5421 3432 23.80 29.06 4139
K74
Ca CB Cy Ccs Ce
g 442 186156 133122 167,167 294,294
3¢ 55.00 33.50 24,46 28.57 40.90

K77

Ca CB Cy o] Ce
1y 4.66 167,160 139,139 178,178  3.173.17
3¢ 52.56 3399 2331 28.56 41.23
K88
Ca CB Cy [e] Ce
H 424 183172 147147 172172 3.03,3.03
B¢ 57.16 31.52 2429 28.41 41.06
K92
Ca B Cy (o] Ce
14 442 164,164 - - 297,297
3¢ 5503 - - -
K93
Ca Cp Cy cs Ce
H 400 175175 153,147  L75175  3.003.00
3¢ 58.80 3218 24.62 28.56 41.06
K94
Ca B Cy (o] Ce
Iy 461 178,156 133125 167167 296296
13¢ 5372 33.99 2446 28.73 4171
K97
Ca CcB Cy Cc8 Ce
g 375 175165 1.53,1.53 133,126 2832583
3¢ 59.13 3185 24.61 28.24 41.06
K103
Ca CB Cy Cc3 Ce
1y 464 - - - .
Be §5.52 - .
K109
Ca Cp Cy [&] Ce
Iy 481 194,186 147,139 164,147 297297
3¢ 5415 347 24,46 28.24 4123
K138
Ca CR Cy cé Ce
Iy 432 163163 124119 147,139 281281
3¢ 5552 32.35 23.96 2824 41.06

¢'H and "*C chemical shifts are reported relative to 3-(trimethylsilyl)propionic-d, acid. ®There are two sets of chemical shifts for Pro-2 corre-
sponding to the N-terminal Ala-1 and the des-Ala-1 forms of IL-18 (Driscoll et al., 1990a). P2* refers to the des-Ala-1 form.
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FIGURE 10: Selected slices at different '3C(F,) chemical shifts of the
HCCH-TOCSY spectrum of uniformly '*N/13C-labeled IL-18 il-
lustrating connectivities originating from the C°H and C”H protons
of Glu and Gln, the C"H protons of Arg, the C®H, C*H, and C*H
protons of Lys, and the C*H protons of Ile.

to be significantly enhanced for exterior side chains due to an
increase in mobility as one proceeds outward along the Arg
side chain. In contrast, intensities of cross-peaks to the C°H
of proline would be expected to be reduced on account of the
motional restrictions imposed by the five-membered proline
ring. This is indeed what is observed: the C*H~C?®H con-
nectivity for Arg-98 at §'*C = 57.99 ppm is clearly stronger
than the C*H-CPH and C*H-C"H cross-peaks, while for
Pro-23 and Pro-87 at 6'3C = 63.57 ppm the C*H-C’H
cross-peak intensities are comparable or weaker than the other
two. In the same slice as these two Pro residues, one can also
see the complete Arg-4 spin system originating from the C°H
protons at §'*C = 42.87 ppm, with cross-peak intensities
following a characteristic order, C’H-C*H > C*H-C"H ~
C’H-CPH, in agreement with theoretical expectations (Figure

5). Finally, complete Lys spin systems originating from the
CH proton are also clearly seen in Figure 7 (cf. Lys-94 at
813C = 53.38 ppm, Lys-55 and Lys-74 at $:3C = 55.03 ppm,
Lys-93 at 6!3C = 58.65 ppm, and Lys-97 at §'*C = 59.30
ppm). Note how easily the C*H-C*H, C*H-C?H, and C*H-
C7H relayed cross-peaks are observed. In this respect it is
worth pointing out that, even in small proteins of 40—60 res-
idues, it is rare to be able to delineate complete lysine, arginine,
and proline spin systems originating from the C*H proton by
use of conventional 2D 'H-'H HOHAHA spectroscopy, as
even there the ratios of line widths to 'H-'H three-bond
couplings are unfavorable for efficient magnetization transfer.

As already noted, the interpretation of the HCCH-COSY
and HCCH-TOCSY spectra is rendered essentially foolproof
through extensive cross-checks afforded by examining the
connectivities between !H resonances observed at all the
corresponding 13C shifts of the directly bonded 1*C nuclei. This
procedure is illustrated in Figure 8, which shows a series of
relayed connectivities originating from the C°H (10.66 and
12.96 ppm), C*™H (15.26 and 16.57 ppm), and C*H (39.91
and 40.90 ppm) of four Ile residues (Ile-56, -104, -106, and
-122). In virtually every case, the complete Ile spin system
is identified from each of these starting points, thus confirming
the 'H assignments derived from the connectivities originating
at the C*H protons and providing the 3C chemical shifts of
the other carbon atoms. It is worth pointing out here too that
while in small proteins the C°H and C"™H resonances are
relatively easily identified in 2D 'H-'H COSY and HOH-
AHA spectra, connectivities to the CYH and C°H resonances
are often difficult to observe owing to large unresolved mul-
tiplet widths of the C*H resonances. In the HCCH-TOCSY
spectrum, however, assignment of these protons is a simple
matter.

A similar series of connectivities for Leu residues originating
from the C*H methyl (slices at §'3C = 22.16, 23.80, and 24.79
ppm) and C*H protons (slice at 6'*C = 25.45 ppm) is shown
in Figure 9. It may be noticed that the C°H to C*H relayed
peaks and the direct C"H-CPH peaks tend to be rather weak
and sometimes even absent, in complete agreement with the
simulations shown in Figure 5, so that the HCCH-COSY
experiment (or alternatively a short 8—10-ms mixing time
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HCCH-TOCSY experiment) still has a valuable role to play
in confirming the identification of the Leu CPH resonance
positions.

Finally, a number of connectivities originating successively
from the CPH (5'3C = 33.34 ppm), C°*H (4'*C = 29.06 ppm),
and CH (83C = 41.88 ppm) protons of Lys and from the C"H
proton of Arg (8'3C = 27.09 and 29.06 ppm) and the C*H
protons of Glu (8'3C = 35.31 ppm) are shown in Figure 10.
As in the previous examples, complete or virtually complete
spin systems can be delineated starting from the different-side
chain protons, thereby providing multiple checks on the as-
signments.

It is clear from the above examples that the combined use
of the 3D HCCH-COSY and HCCH-TOCSY spectra pro-
vides a very powerful means for the unambiguous assignment
of both the 'H and *C chemical shifts of the side-chain protons
and carbons. Using these spectra, we were able to obtain
complete 'H and 13C assignments for the aliphatic side chains
of all residues with the exception of only four lysine residues
(Lys-16, Lys-63, Lys-92, and Lys-103) for which partial as-
signments were obtained. A complete list of assignments is
provided in Table I.

The absence of complete connectivities for four of the lysine
residues may be due to multiple side-chain conformations or
to line broadening reducing the efficiency of magnetization
transfer. Line broadening may arise from conformational
restriction of lysine side-chain positions (cf. the lysine residue
in the bottom panel of Figure 4 with nonequivalent C*H as
well as C¢H resonances, which additionally attenuates cross-
peak intensities) or from an intermediate exchange process.
The latter may well be the case for Lys-63 as the >N line
width of the backbone amide group of this residue is exten-
sively broadened by a chemical exchange contribution to 7,
(Clore et al., 1990b).

For completeness we have also included in Table I the 'H
chemical shifts of the aromatic protons together with the 3C
shifts of their directly bonded carbons. The 'H aromatic spin
systems had previously been delineated by 2D 'H-'H corre-
lation methods (P.COSY and HOHAHA) and sequence
specifically assigned from the observation of characteristic
intraresidue NOEs from the aromatic ring protons to the NH,
C¢H, and CPH protons (Driscoll et al., 1990a). With these
assignments in hand, the assignments of the '*C shifts of the
aromatic carbons attached to protons involved in intraaromatic
NOE:s could be obtained in a trivial manner from a 3D 'H-BC
NOESY-HMQC spectrum (data not shown). The latter ex-
periment was necessary as the present HCCH-COSY and
HCCH-TOCSY experiments in which the carbon carrier was
placed at 43 ppm could not be used to detect correlations
involving aromatic carbons owing to the fact that the aromatic
carbons resonate at the downfield end of the *C spectrum at
~130 ppm. As a result, adequate refocusing of 13C chemical
shifts of aromatic carbons by the '*C 180° pulses before and
after the C 90° COSY mixing pulse was not obtained in the
case of the HCCH-COSY experiment (cf. pulse sequence
under Experimental Procedures), and the rf field strength used
in the HCCH-TOCSY experiment was too weak to permit
efficient isotropic mixing of the aromatic carbons.

The aliphatic *C side-chain assignments provided in Table
1 provide a reasonably large and comprehensive database of
13C chemical shifts in proteins and expand on the previously
available data on isolated amino acids and small peptides (Levy
& Nelson, 1972; Howarth & Lilley, 1978) and the partial
assignments recently obtained for staphylococcal nuclease by
2D heteronuclear methods (Wang et al., 1990). The distri-

Clore et al.
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FIGURE 11: Summary of the 13C chemical shift ranges observed for
the different carbon atoms and different residue types in IL-18. The
number of residues present in IL-13 for each amino acid type is
indicated at the left-hand side of the figure. In the case of the Pro
residues, there are two sets of chemical shifts for Pro-2 corresponding
to the N-terminal Ala-1 and des-Ala-1 forms of IL-18 (Driscoll et
al., 1990a). Complete !*C assignments were obtained for 11 out of
the 15 lysine residues; no 1>C shifts were obtained for Lys-63, only
3Caq shifts were obtained for Lys-92 and Lys-103, and only 1*Ca,
13CB, and 3Ce shifts were obtained for Lys-16.

bution of 13C aliphatic chemical shifts in IL-18 for the different
amino acid residues is summarized graphically in Figure 11.
The chemical shifts are comparable to those established for
isolated amino acids and small peptides, but not surprisingly,
the ranges for each carbon type are significantly larger. The
information provided in Figure 11 may therefore serve as a
useful aid in future assignment work. In general, chemical
shifts are usually difficult to interpret. Nevertheless, empirical
correlations may be of some use if treated with appropriate
caution. For example, it has been noted in peptides that the
Ca chemical shift of the residue preceding a proline is ~2 ppm
upfield from its characteristic value (Torchia et al., 1975).
There are eight prolines in IL-18 at positions 2, 23, 57, 78,
87,91, 118, and 131. In five cases, the Ca chemical shift of
the preceding residue (Ile-56, Lys-77, Asp-86, Phe-117, and
Met-130) has the most upfield chemical shift in its residue
class, while in another two (Ala-1 and Gly-22) the Ca chem-
ical shift is clearly at the upfield end of its range. In the case
of Tyr-90, which precedes Pro-91, there is no clear correlation.
This, however, may have to do with the fact that the Tyr-
90-Pro-91 peptide bond is in the cis conformation as evidenced
from the observation of characteristic C*H-C*H sequential
NOEs between Tyr-90 and Pro-91 in the 'H-13C HMQC-
NOESY spectrum, in agreement with the crystallographic
findings for the X-ray structure of IL-18 (Finzel et al., 1989).
The other proline residues, on the other hand, are all in the
trans conformation as judged from both the NMR and X-ray
data. In this regard, it is worth noting that, just as in the case
of small peptides (Howarth & Lilley, 1978), the C8 and Cy
chemical shifts of the cis-proline at position 91 are about 1
ppm downfield and 2 ppm upfield, respectively, of the corre-
sponding shifts for the trans-proline residues.

CONCLUDING REMARKS

The determination of protein structures in solution by NMR
depends on the identification of a very large number of short
(<5 A) approximate interproton distance restraints derived
from NOE measurements [see Wiithrich (1986, 1989), Clore
and Gronenborn (1987, 1989), and Gronenborn and Clore
(1990) for reviews]. A key requirement in this procedure
involves not simply the assignment of the backbone 'H reso-
nances (NH and C°H) but equally importantly that of the
side-chain resonances. Even for proteins of 50-100 residues,
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it is often difficult to obtain complete side-chain assignments
for long side chain amino acids such as Lys and Arg. This
is not simply due to spectral overlap but to the relatively large
'H line widths which render magnetization transfer through
homonuclear 'H-'H couplings inefficient. Further, even when
these assignments are made, extensive spectral overlap often
precludes their use in the identification of NOESY cross-peaks.
The data presented in this paper clearly show that 3D het-
eronuclear methods based on magnetization transfer via large
one-bond 'H-!5N, BN-13C, 'H-13C, and '3C-'3C couplings
are highly efficient and sensitive even for molecules the size
of TL-18, which comprises 153 residues. In this respect we
note that all the 3D spectra were recorded on a single 1.7 mM
sample of uniformly '*N/13C-labeled protein and the limiting
factor in the duration of the experiments was not the sig-
nal-to-noise but the minimum number of phase cycles required
to reduce spectral artifacts to an acceptable level. Indeed, all
the 3D heteronuclear correlation spectra for the present paper
were recorded in just 1 week of measuring time. Further, with
the addition of a third dimension afforded by the *C nucleus,
problems associated with extensive resonance overlap which
are invariable present in the 2D 'H-'H and 'H-!3C spectra
of proteins the size of Il-18 are completely overcome.

To our knowledge, the 'H, 1°N, and 13C assignments of
IL-18 provided by this paper and the preceding one (Driscoll
et al., 1990a) represent the first example of a protein larger
than 15 kDa for which essentially complete assignments of
both backbone and side-chain resonances have been obtained
by heteronuclear 3D NMR methods. Given that the attainable
precision of a protein structure determination depends crucially
on maximizing the number of approximate interproton distance
restraints (Driscoll et al., 1989a,b; Kraulis et al., 1989), vir-
tually complete assignments represent the necessary prere-
quisite in that endeavor. With the assignments for IL-18
firmly in hand, the way is now open for the full determination
of a high-resolution 3D structure of 1l-18 in solution by 3D
TH-'SN and 'H-'*C HMQC-NOESY spectroscopy, as well
as 4D 13C/>N and 13C/13C edited NOESY spectroscopy (Kay
et al., 1990c), at a precision comparable to the best that is now
attainable for smaller proteins (Kraulis et al., 1989; Qian et
al., 1989; Clore et al., 1990a).
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ABSTRACT: Binding of the single-stranded DNA-binding protein (SSB) of Escherichia coli to single-stranded
(ss) polynucleotides produces characteristic changes in the absorbance (OD) and circular dichroism (CD)
spectra of the polynucleotides. By use of these techniques, complexes of SSB protein and poly(rA) were
shown to display two of the binding modes reported by Lohman and Overman [Lohman, T. M., & Overman,
L. (1985) J. Biol. Chem. 260, 3594-3603]. The circular dichroism spectra of the “low salt” (10 mM NaCl)
and “high salt” (>50 mM NacCl) binding mode are similar in shape, but not in intensity. SSB binding to
poly(rA) yields a complexed CD spectrum that shares several characteristics with the spectra obtained for
the binding of AADBP, GP32, and gene V protein to poly(rA). We therefore propose that the local structure
of the SSB-poly(rA) complex is comparable to the structures proposed for the complexes of these three-
stranded DN A-binding proteins with DNA (and RNA) and independent of the SSB-binding mode. Electric
field induced birefringence experiments were used to show that the projected base—base distance of the complex
is about 0.23 nm, in agreement with electron microscopy results. Nevertheless, the local distance between
the successive bases in the complex will be quite large, due to the coiling of the DNA around the SSB tetramer,
thus partly explaining the observed CD changes induced upon complexation with single-stranded DNA and

RNA.

’Ee binding properties of Escherichia coli SSB protein,
belonging to the class of single-stranded DNA-binding pro-
teins, show many similarities with the properties of gene 32
protein and AdDBP, the single-stranded DNA-binding protein
of the (eukaryotic) adenovirus [for a review, see Chase and
Williams (1986)]. Only recently the rather different binding
properties of the SSB protein, as compared to GP32 and
AdDBP, were fully recognized by Lohman and co-workers
(Lohman & Overman, 1985; Bujalowski & Lohman, 1986;
Bujalowski et al., 1988). A comprehensive review covering
this subject appeared recently (Lohman et al., 1988). The
variety of binding modes exhibited by SSB protein depend on
the salt concentration, salt type, pH, and temperature and are
characterized by a different size of the binding site. Moreover,
is was shown that the binding of the protein can be described
more accurately assuming the “nearest neighbor cooperativity”
model (McGhee & von Hippel, 1974) that successfully ex-
plained the binding properties of GP32 [see Kowalczykowski
et al. (1986) and references cited therein] and recently also
the binding of AdDBP to poly(rA) (Kuil et al., 1989).
The SSB protein is a multifunctional protein in the DNA
metabolism of E. coli; it is essential for DNA replication, DNA
recombination, and repair (Chase & Williams, 1986).
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Moreover, the protein protects the single-stranded DNA
against nuclease activity. The variety of functions that the
SSB protein plays in the cell may well be related to the ob-
served different binding modes in vitro as well as to the in-
teraction of SSB with several E. coli proteins [recA, pol 11,
exol, and the n protein (Morrical et al., 1986; Sigal et al., 1972;
Molineux & Gefter, 1975; Low et al., 1982)]. As an example,
recent experiments of Kowalczykowski et al. (Kowalczykowski
et al., 1987; Kowalczykowski & Krupp, 1987) have shown that
the effect of the SSB protein on the ATPase activity of E. coli
recA protein is critically dependent on the temperature, the
substrate, the order of addition, and the magnesium concen-
tration. It was shown by Kowalczykowski et al. that either
the SSB protein displaces the recA protein from the single-
stranded DNA or recA is able to displace the SSB protein,
dependent on the presence of cofactors. In previous studies,
we reported the solution dimensions of complexes of GP32 and
ssDNA fragments using electric birefringence and quasi-elastic
light-scattering experiments. For GP32, it was observed that
the projected distance between the DNA bases increased
substantially (0.53 nm compared to 0.34 nm per base for
double-stranded DNA) (Scheerhagen et al.,, 1985a,b;
Scheerhagen, 1986; Kuil et al., 1990). Moreover, it was shown
that the complex has a low bending persistence length of about
35 nm (Kuil et al., 1988, 1990). An increase of the base—base
distance to 0.47 nm was observed by Delius using electron
microscopy for GP32 binding to f{d DNA (Delius et al., 1972).
For SSB, similar electron microscopy experiments were per-
formed, indicative of a decreased base—base distance of 0.19
nm per base (using a value of 6407 nucleotides in the f{d DNA)
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