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ABSTRACT: The hnRNP C1 and C2 proteins are abundant nuclear proteins that bind avidly to heterogeneous
nuclear RNAs (hnRNAs) and appear to be involved with pre-mRNA processing. The RNA-binding activity
of the hnRNP C proteins is contained in the amino-terminal 94 amino acid RNA-binding domain (RBD)
that is identical for these two proteins. We have obtained the 'H, !3C, and >N NMR assignments for the
RBD of the human hnRNP C proteins. The assignment process was facilitated by extensive utilization
of three- and four-dimensional heteronuclear-edited spectra. Sequential assignments of the backbone
resonances were made using a combination of ’N-edited 3D NOESY-HMQC, 3D TOCSY-HMQC, and
3D TOCSY-NOESY-HSQC as well as 3D HNCA, HNCO, and HCACO spectra. Side-chain resonances
were assigned using 3D HCCH-COSY and 3D HCH-TOCSY spectra. Four-dimensional 13C/!3C-edited
NOESY and *C/N-edited NOESY experiments were used to unambigously resolve NOEs. The overall
global folding pattern was established by calculating a set of preliminary structures using constraints derived
from the sequential NOEs and a small number of long-range NOEs. The Sa8—B«f domain structure exhibits
an antiparallel 8-sheet with the conserved RNP 1 and RNP 2 sequences [Dreyfuss et al. (1988) Trends

Biochem. Sci. 13, 86-91] located adjacent to one another as the two inner strands of the §-sheet.

Heterogeneous nuclear RNAs (hnRNAs) form complexes
(hnRNP complexes) with a specific set of abundant nuclear
proteins termed hnRNP proteins [for reviews see Dreyfuss
(1986), Chung and Wooley (1986), Dreyfuss et al. (1988),
and Bandziulis et al. (1989)]. There are approximately 20
major hnRNP proteins, designated A through U, that range
in molecular weight from 34 000 to 120000 (Pifiol-Roma et
al., 1988). Although the specific functions of hnRNP proteins
have not been elucidated in detail, several of their properties
indicate that they have a role in pre-mRNA metabolism.
Most, if not all, have direct RN A-binding activity (Cobianchi
et al., 1988; Dreyfuss et al., 1988; Merril et al., 1988;
Pifiol-Roma et al., 1988; Swanson & Dreyfuss, 1988a;
Pifiol-Roma et al., 1989; Matunis et al., 1992a), and they
associate with nascent hnRNA transcripts (Economidis &
Pederson, 1983; Fakan et al., 1986; Pifiol-Roma et al., 1989;
Matunis et al., 1992; Matunis et al., 1992b), indicating a
function in early posttranscriptional events.

The hnRNP C1 and C2 proteins are among the most avid
pre-mRNA-binding proteins (Pifiol-Roma et al., 1988;
Swanson & Dreyfuss, 1988a,b). Antibody inhibition, immu-
nodepletion, and immunoprecipitation experiments suggested
that they are involved in pre-mRNA splicing (Choi et al., 1986;
Swanson & Dreyfuss, 1988b). Molecular cloning of the
hnRNP C1 and C2 proteins (Nakagawa et al., 1986; Swanson
et al., 1987; Burd et al., 1989) revealed that they belong to
a family of RNA-binding proteins which share a highly ho-
mologous domain of 90-100 amino acids (Dreyfuss et al,,
1988; Bandziulis et al., 1989; Mattaj, 1989; Query et al., 1989;
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Kenan et al., 1991), initially described in the yeast poly-
(A)-binding protein (Adam et al., 1986; Sachs & Kornberg,
1986) and in the mammalian hnRNP Al protein (Kumar et
al., 1986; Cobianchi et al., 1986). This RNA-binding domain
(RBD)! was proposed (Dreyfuss et al., 1988; Bandziulis, 1989)
to confer RN A-binding activity to this class RNA-binding
proteins. Studies on various proteins of this class supported
this prediction (Merrill et al., 1988; Query et al., 1989; Scherly
et al., 1989, 1990; Lutz-Freyermuth et al., 1990; Nietfeld et
al,, 1990; Burd et al., 1991; Jessen et al., 1991). Some of the
RNA-binding proteins of this class contain multiple (up to
four) RBDs having different RNA-binding activities (Nietfeld
et al., 1990; Burd et al., 1991). The canonical RBD contains
two short stretches of amino acids which are conserved to a
higher degree than the remainder of the RBD; the most highly
conserved is the eight amino acid RNP 1 or RNP consensus
sequence (RNP-CS; Bandziulis et al., 1989), and the some-
what less conserved is the six amino acid RNP 2 sequence
located approximately 30 amino acids amino-terminal to
RNP1 (Dreyfuss, 1988). In contrast to these highly conserved
RNPI1 and RNP2 sequences within a typical RBD, RNP 1
is preceded by a stretch of amino acids of highly variable length
and sequence which are the least conserved residues among
the RBDs and which play a role in determining the RNA-
binding specificity of this domain (Scherly et al., 1990). In
the RBD of the hnRNP C1 and C2 proteins, which extends
from amino acid 1 through 94, designated K94 (M.G., C.
Burd, and G.D., manuscript in preparation), this variable

! Abbreviations: RBD, RNA-binding domain; FID, free induction
decay; HMQC, heteronuclear multiple-quantum coherence; HSQC,
heteronuclear single-quantum coherence; NOE, nuclear Overhauser ef-
fect; NOESY, NOE spectroscopy; TOCSY, total correlation spectros-
copy; T, mixing time; DSS, 3-(trimethylsilyl)-1-propanesulfonic acid;
TSP, (trimethylsilyl)[2,2,3,3-2H,]propionate; 2D, two dimensional; 3D,
three dimensional; 4D, four dimensional.
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segment is reduced to only a few residues (Swanson et al.,
1987; Burd et al., 1989; Bandziulis et al., 1989; Kenan et al.,
1991). Their status as major hnRNP proteins and their
well-defined, single and small RBD makes the hnRNP C
proteins a prototype of this class of RNA-binding proteins.
To better understand the structural basis of the RNA-binding
activity and specificity of the hnRNP C proteins (Swanson
et al., 1988a,b), we have produced K94 in Escherichia coli
and purified it to homogeneity in active, RNA-binding form.
Nuclear magnetic resonance (NMR) techniques allow for the
determination of the structure of polypeptides and of pro-
tein-ligand complexes in solution (Wiithrich, 1986; Clore &
Gronenborn, 1991; Otting et al., 1990). Here we describe the
H, 15N, and '*C NMR assignments of K94 and the global
folding pattern of this RNA-binding domain of the hnRNP
C proteins. The overall folding pattern is the same as that
recently described for the UlA protein (Nagai et al., 1990;
Hoffman et al., 1991), but several differences that are im-
portant for understanding the significance of this structure have
been noted and are discussed.

EXPERIMENTAL PROCEDURES

Sample Preparation. The amino-terminal 94 amino acids
of the human hnRNP C proteins, designated K94, encom-
passing the RNA-binding domain of the hnRNP C proteins
(M.G., C. Burd, and G.D., manuscript in preparation), were
overexpressed in E. coli BL21(DE3) from a cDNA fragment
of the hnRNP C1 protein (Swanson et al., 1987) cloned into
pET3d (Novagen Inc., Madison, WI; Studier et al., 1990).
Labeling of the hnRNP C RBD was achieved by growing the
cells in minimal media (Sambrook et al., 1989) with 1 g/L
['SNINH,CI (Isotech Inc., Miamisburg, OH) as the sole ni-
trogen source and, for double labeling, with 2.5 g/L uniformly
labeled [1*C]glucose (Cambridge Isotope Laboratories, Wo-
burn, MA) as the sole carbon source. The K94 was purified
by chromatography over DEAE Sephacell (Pharmacia LKB,
Piscataway, NJ), ssDNA cellulose (USB, Cleveland, OH), and
S-Sepharose (Pharmacia LKB, Piscataway, NJ) and recon-
centrated by (NH,),SO, (Sigma Chemical Company, St.
Louis, MO) precipitation as will be described elsewhere.

The purified K94 is homogeneous as determined by 2D
polyacrylamide electrophoresis (O’Farrel, 1977). The purified
K94 was dissolved in 50 mM NH,OAc, pH 6.8, at a con-
centration of 5.4 mg/mL, and electrospray mass spectra
(Covey et al., 1988) were recorded on a Sclex API-III triple
quadrupole mass spectrometer fitted with a standard pneu-
matically assisted nebulization probe and an atmospheric
pressure ionization source (Sclex, Ontario, Canada). The
determined average molecular mass of K94 is 10033.5 Da;
the calculated mass for K94 lacking its amino-terminal me-
thionine residue is 10053.6. The lack of the N-terminal
methionine residue was shown by amino-terminal sequencing
performed by automated Edman degradation on an Applied
Biosystems 473A Sequencer with an online PTH amino acid
analyzer as recommended by the manufacturer (Applied
Biosystems, Forster City, CA). For NMR spectroscopy,
samples were exchanged into 50 mM deuterated sodium
acetate, 100 uM EDTA, 0.02% NaN,, and 9% 2H,0/91%
H,0 or 100% 2H,0, at a pH/pD of 5.5 at 20 °C. The protein
concentration of the samples was approximately 3 mM.

NMR Spectroscopy. All spectra were collected at 20 °C
and were obtained from the sample prepared in 'H,O unless
otherwise noted. All proton-detected spectra were obtained
on a Varian UNITY-600 spectrometer equipped with triple-
channel capabilities and a 'H-!3C-!°N triple-tuned probe.
Multidimensional spectra were obtained using spectral widths
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of 6250, 3000, 2200, and 2000 Hz in the 'H, *Caq, 13C car-
bonyl, and '*N dimensions, respectively. The 'H carrier was
set at the water resonance (4.89 ppm), and presaturation was
used for solvent suppression followed, in some cases, by the
SCUBA sequence (Brown et al., 1988) for samples in 'H,0O
solution. Carrier frequencies for the heteronuclei were set at
121 ppm for N, 41.2 ppm for !3C (aliphatic), 58 ppm for
13C (), and 177 ppm for 13C (carbonyl). Chemical shifts for
'H and '3C are referenced to TSP and DSS, respectively.
Quadrature detection for nonacquisition dimensions in all
multidimensional spectra were obtained using the States-TPPI
type acquisition scheme (Marion et al., 1989a) unless otherwise
noted. Heteronuclear decoupling during proton acquisition
was achieved using WALTZ16 (Shaka et al., 1983) for SN
or GARP1 (Shaka et al., 1985) for 13C,

Spectra were processed using a version of FELIX (Hare
Research, Bothell, WA) modified to incorporate complex
linear prediction (M. Friedrichs, unpublished; L. Kay, personal
communication). In some cases, “mirror image” linear pre-
diction was performed after extending the signal into the
negative time domain (Zhu & Bax, 1990). For spectra re-
corded with samples in 'H,O, low-freqeuncy deconvolution
(Marion et al., 1989b) was applied to the acquisition FIDs
prior to transformation in order to reduce the size of the
residual 'H,O signal. For experiments where only amide
protons were detected in the acquisition dimension, the right
half of the spectrum (upfield of the 'H,O signal) was dis-
carded.

2D HSQC N-'H correlation spectra (Bodenhausen &
Ruben, 1980) were collected with an acquisition time of 40
ms using eight scans per ¢, increment and hypercomplex ac-
quisition (Mueller & Ernst, 1978; States et al., 1982) in the
F, (**N) dimension. To measure 'H-?H exchange of amide
protons, 2D N-'H correlated HSQC spectra were recorded
6 h after initiating exchange of the sample from buffered H,0O
solution into buffered 2H,O solution using Centricon-3 (Am-
icon, Danvers, MA).

3D PN-edited TOCSY-HMQC, NOESY-HMQC (Marion
et al., 1989¢c; Zuiderweg & Fesik, 1989), and TOCSY-
NOESY-HSQC (Mueller et al., 1992) spectra were obtained
using TPPI-type acquisitions (Marion & Wiithrich, 1983) for
the F; ({H) and F, (!*N) dimensions. Two 3D TOCSY-
HMQC spectra were obtained with 7., equal to 32 and 50 ms
using MLEV17 (Bax & Davis, 1985) during the TOCSY
transfers. The 3D NOESY-HMQC spectrum was acquired
with a 140-ms ;. The 3D TOCSY-NOESY-HSQC spec-
trum was acquired using 32 and 140 ms for the TOCSY 7,
and NOESY 7, respectively. The data were comprised of
256 real X 56 real X 512 complex data points, and four scans
were used to acquire each FID. The data were processed into
512 X 64 X 512 real point matrices using a 45°-shifted skewed
sine-bell window function in F, and 90°-shifted sine-bells in
F, and F, followed by zero-filling in all dimensions.

The 3D HNCA spectrum (Kay et al., 1990a) was collected
using a modified pulse sequence (Farmer et al., 1992).
Carbonyls were decoupled during ¢, with a shifted and trun-
cated hermite pulse. Each F; (}3C)~F, (**N) point was col-
lected with 32 scans. Acquisition times of 8.7 ms (26 complex
points) and 14 ms (28 complex points) were collected for F,
and F,, respectively, with the acquisition dimension collected
into 832 complex points. Complex linear prediction was used
to extend the F; and F, FIDs to 56 and 40 points, respectively.
The data were processed into a 128 X 64 X 1024 real point
matrix using matched cosine bell window functions in each
dimension.
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The 3D HNCO spectrum (Kay et al,, 1990a) was acquired
using the same pulse sequence as for the HNCA experiment.
The carbon carrier frequencies were switched and the delay
time for creating 1*C-!’N double-quantum coherence set to
1/(2Jn_co)- The spectrum was acquired with acquisition times
of 13.3 ms (40 complex points) and 8 ms (16 complex points)
for F, and F,, respectively, with the F; dimension collected
into 1024 complex points. Mirror imaged linear prediction
was used to extend the F, dimension by 32 points. The final
data matrix was 256 X 64 X 256 real points.

The HCACO experiment was collected using the sample
in 2H,0O utilizing a pulse sequence featuring constant time
evolution in the F; dimension (Powers et al., 1991). The data
were collected with 16 scans with acquisition times of 6.7 ms
(20 complex points), 24.5 ms (54 complex points), and 164
ms (2048 complex points) for F; (13Ca), F, (13C carbonyl),
and F; (*H), respectively. Mirror image linear prediction was
used to extend the F, dimension to 40 complex points, and the
final data matrix was 64 X 128 X 256 real points.

The HCCH-COSY and HCCH-TOCSY spectra were ob-
tained from the doubly labeled sample in H,0O using the
published pulse sequences (Bax et al., 1990) modified to allow
eight-step phase cycling per F; ({H)-F, (*3C) point (Mueller,
unpublished). Carbonyl decoupling during ¢, was performed
with a frequency shifted hermite pulse. The DIPSI-3 isotropic
mixing sequence (Shaka et al., 1988) with a mixing time of
24 ms was used for the HCCH-TOCSY experiment. Ac-
quisition times of 16 ms (100 complex points) and 6.7 ms (16
complex points) were collected for F, ('H) and F, (*C), re-
spectively, with the acquisition dimension collected into 1024
complex points. The data were processed into a 256 X 64 X
256 real data matrix. Linear prediction to 128 and 32 complex
points for the F, and F, dimensions, respectively, was per-
formed prior to transformation.

The 4D 3C/N-edited NOESY spectrum was obtained
using the published pulse sequence (Kay et al., 1990b) with
a mixing time of 100 ms. Acquisition times of 2.7 ms (8
complex points), 16 ms (100 complex points), and 4.0 ms (8
complex points) were collected for F, (13C), F, (‘H), and F;
(*N), respectively, with the acquisition dimension collected
into 512 complex points. The data were processed into a 32
X 256 X 32 X 128 real data matrix. Prediction of an addi-
tional 12 complex points for the F, and F, dimensions was
performed prior to transformation by using linear prediction
after extending the signal into the negative time domain (Zhu
& Bax, 1990). For this experiment, the data collection in F,
was delayed by half of the dwell time.

The 4D 3C/!3C-edited NOESY spectrum was obtained
using the published pulse sequence (Clore et al., 1991) with
several modifications (Mueller, unpublished). The mixing time
was 120 ms. Data were collected with acquisition times of
2.7 ms (8 complex points), 10.2 ms (64 complex points), and
2.7 ms (8 complex points) for F, (1*C), F, (‘*H), and F; (P*C),
respectively, and the acquisition dimension collected into 512
complex points. The data were processed into a 32 X 128 X
32 X 256 real data matrix. Linear prediction (Zhu & Bax,
1990) of an additional 12 complex points for the F, and F;
dimensions was performed prior to transformation.

Structure Calculations. NOE intensities were evaluated
by counting contour levels of peaks in printed contour diagrams
of the NOESY spectra. The NOE intensities were classified
as being either strong, medium, or weak and converted to
distance constraints by assigning upper bounds of 2.7, 3.5, and
5.0 A;, respectively. The lower bounds for all cases was 1.8
A. These bounds were augmented by explicit hydrogen-bond
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constraints in cases where amide protons were protected from
solvent exchange, and the identity of the hydrogen-bond ac-
ceptor for a given protected amide proton was clear on the basis
of NOE data. Appropriate cross-strand NOEs or daN 4
NOEs had to be present in order for hydrogen bonds to be
entered for residues involved in antiparallel 8-sheets or a-
helices, respectively. Each hydrogen bond was represented by
two constraints: the amide proton to carbonyl oxygen
(1.8-2.20 A) and the amide nitrogen to carbonyl oxygen
(2.8-3.2 A). The preliminary bounds file consisted of con-
straints derived from 313 sequential, 91 medium-range, and
86 long-range NOEs and 30 hydrogen bonds. Only 11 con-
straints derived from intraresidue NOEs were included.

The variable target function minimization program DIANA
(Giintert, 1990; Gintert et al., 1991) was used to generate 200
structures. Contributions to the target function from distance,
dihedral angle, and van der Waals violations were weighted
in a ratio of 1:10:0.2 for 4150 iterations, while the residue
window size was gradually increased until all residues were
included. The van der Waals contribution was then increased
first to 0.6 (500 iterations) and then to 1.0 (500 iterations).
The 11 best structures, as evaluated by residual NOE con-
straint violations, all exhibited the same overall folding to-
pology and were further refined using DIANA for another 6250
iterations. They were then subjected to a dynamical simulated
annealing protocol (Nilges et al., 1988) using X-PLOR (Briinger,
1990). The refinement protocol used was essentially the same
as described for refinement of BDS-I (Driscoll et al., 1989).
All of the 11 structures maintained the same global folding
pattern, although each had a number of residual constraint
violations. In most cases, these violations could be attributed
to the incorrect interpretation of spin diffusion NOE peaks
as primary NOE:s as a result of the qualitative treatment of
cross-peak volumes obtained from NOESY spectra collected
with relatively long mixing times. A more detailed analysis
including NOESY data collected with shorter mixing times
is in progress. However, as the goal at this stage was to
establish the global folding pattern, no attempt was made to
refine these structures further.

RESULTS

IH-I’N Inverse Experiments. The 2D HSQC "N-'H
correlation spectrum of uniformly "N-labeled K94 and the
cross-peak assignments that were ultimately arrived at are
shown in Figure 1. Both dimensions exhibit adequate chem-
ical shift dispersion providing for good overall resolution. A
number of peaks with narrower 'H line widths were observed
and were determined to correspond to residues at the N
(residues 3-13) and C (residues 90-94) termini, indicating
that these regions are more mobile than the rest of the isolated
domain.

A series of 'H-'°N correlated 3D experiments including 3D
NOESY-HMQC, 3D TOCSY-HMQC, and 3D TOCSY-
NOESY-HSQC were obtained and analyzed in order to
identify spin systems and to determine sequential connectivities.
An example of the 3D NOESY-HMQC spectra are shown
in Figure 2, where the tracing of the dNN connectivities for
an «-helical segment is shown.

To establish connectivities between residues in extended
secondary structures, the 3D TOCSY-NOESY HSQC ex-
periment proved particularly useful. This is illustrated in
Figure 3, where connectivities between Ile,s and Ala,g are
shown. The da,_;N; NOESY connectivity is strong for this
type of connectivity (Figure 3G). However, it is often difficult
to identify the spin system corresponding to the i-1 residue
on the basis of the da;_;N; connectivity alone as a number of
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FIGURE 1: 2D HSQC !N-'H correlation spectrum of uniformly
5N-labeled hnRNP C RDB and assignments. The cross-peaks are
labeled with the one-letter amino acid code and residue number to
indicate the assignments. Horizontal lines connect cross-peaks cor-
responding to the NH, groups of asparagine and glutamine side chains.
The asterisks indicate folded peaks from arginine side chains. (A,
top) Full spectrum. (B, bottom) Expanded region.

spin systems may have an a-proton at the same resonance
position. The 3D TOCSY-NOESY spectrum (Mueller et al.,
1992) provides additional information by including dN,;N;
cross-peaks (Figure 3H). In most cases, the combination of
the o and amide proton resonance positions for residue i-1
is sufficiently unique to identify this residue. Additional i~1
to i connectivities are often observed, such as the df;,_|N;
connectivity from Ile,s to Ala,q seen in Figure 3 (Figure 3D).

Spin systems were identified and then linked using dN, |N,,
da;_N;, and dB,_N; NOESY cross-peaks for segments of
a-helical secondary structure. The da, N, and dB,_|N;,
NOESY and dN_N; TOCSY-NOESY cross-peaks were used
to link residues making up segments of extended secondary
structure. In this manner, sequential assignments were derived
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FIGURE 3: Portions of the *N-edited 3D spectra illustrating the
sequential connectivities between Ile;s and Ala,s. The F, positions
at which the F|~F; planes are plotted are indicated by the “I,s” (132.1
ppm) and “A,4” (137.1 ppm) notations above the panels. The type
of 1’N-edited 3D spectrum is indicated by T (HMQC-TOCSY), N
(HMQC-NOESY), and T/N (HSQC-TOCSY-NOESY) as the top
of each panel. The horizontal lines connect cross-peaks having the
same F; ppm values. The letters A-1 indicates the following 'H/'H
con;ectivitim involving residues Ile;5 (i-1), Alay (1), and Gly;; (i+1):
A, YNy B, @Y)Npg; C, dBuygNipy D, dBieyNeo; E, dore )N
F, dagyNiy; G, dargenNay: H, dNgyNg T, dNoNao,

for three contiguous segments of the polypeptide. The break
points between the segments represented the two proline
residues in hnRNP C RDB. Side-chain assignments for easily
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FIGURE 4: Portions of the 3D HNCA spectrum of doubly '3C-'>N-
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residues giving rise to the cross-peaks are indicated to the right of
each panel.

identified spin systems such as glycine, alanine, and valine were
used to align these segments with the primary sequence.
Triple-Resonance Experiments. The subsequent availability
of the doubly labeled 3C-'*N K94 sample made it possible
to collect a set of triple-resonance experiments (Kay et al.,
1990a). The HNCA experiment correlates the N;, Ce;, and
the HN;, resonances. In addition, the small but finite N~Ca;_,
coupling provides a sequential correlation to the Ca;_; reso-
nance. This spectrum confirmed the backbone sequential
assignments made on the basis of the *N-correlated spectra
and provided the 3Ca resonances. Panels representing 2D
F,—F, slices of the 3D HNCA spectrum corresponding to the
F, (**N) positions of residues 46—56 are shown in Figure 4,
and a tracing of the sequential connectivities is included.
Backbone assignments were completed by assignment of the
13C carbonyl resonances. This was achieved by correlating
the carbonyl resonance of residue / with the amide proton and
nitrogen resonances of residue /+1 in the HNCO experiment
(data not shown). Ambiguities were resolved by referring to
the HCACO experiment (not shown) where intraresidue
carbonyl, a-carbon, and a-proton resonances were correlated.
After the backbone assignments were established, the si-
dechain 'H and !*C assignments were obtained by analysis of
3D HCCH-COSY and 3D HCCH-TOCSY spectra. Two
dimensional F,—F; planes from the 3D HCCH-TOCSY
spectra corresponding to the F, (1*C) positions of the carbons
of Lysso are shown in Figure 5. Strong correlations between
virtually all carbon-bound 'H spins within this residue are seen
in this spectrum. For other spin systems, correlations between
all 'H spins were not always observed. The mixing time de-
pendence of the magnetization transfer to DIPSI-3 (Clore et
al., 1990) accounted for nearly all of these cases. However,
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FIGURE 5: Portions of the 3D HCCH-TOCSY spectra illustrating
the connectivities seen in the Lysyy spin system. The resonance
positions of the Lys; protons along F, are shown at the top of the
figure. Relevant portions of the F; (‘H)-F; (\H) planes are shown
taken at the F, (13C) frequency of the atoms indicated at the left.

correlations missing in the HCCH-TOCSY were found in the
3D HCCH-COSY experiment, allowing nearly complete as-
signments to be made.

The 'H, 13C, and '*N assignments for both the backbone
and side-chain resonances of hnRNP C RBD are listed in
Table I. The assignments are essentially complete except for
a few residues. The resonances corresponding to the side
chains of Lys, and Lys,, were not observed. The aromatic
resonances of Phe,y and Phes, were observed but not assigned
due to overlap.

A summary of the sequential NOE connectivities is dis-
gramed in Figure 6. Amides that were found to be protected
from exchange with the solvent are also indicated in the dia-
gram. The conserved RNP1 and RNP2 sequences (residues
50-57 and 18-23) have contiguous stretches of protected
amides as well as strong do;_N; connectivities. This is con-
sistent with the placement of these segments as the middle two
strands of a §-sheet. Long-range NOEs representing proton
interactions between adjacent strands of the 3-sheet were
observed and are indicated in the diagram of the four-stranded
antiparallel 8-sheet structure illustrated in Figure 7a.

In order to obtain additional NOEs, we collected two 4D
heteronuclear edited '"H NOESY spectra. A portion of a
representative 2D plane of the 4D 3C-13C edited NOESY
spectrum is shown in Figure 8. This part of the spectrum is
a map of protons (F,), edited by their attached carbon fre-
quencies (F3), which are involved in a NOE with the §-methyl
group of Ile,,. Data of this type were used to compile a small,
selected set of long-range NOEs used in the preliminary
structure calculations. In future studies, a more detailed
analysis of these spectra will yield a much larger set of distance
constraints in order to refine the structure.

Structure Calculations. A bounds file composed of qual-
itative NOE constraints and hydrogen-bond constraints was
used to calculate preliminary structures in order to determine
the global folding pattern of the domain. Of the resulting
structures, those exhibiting the least NOE violations converged
to the common fold illustrated in Figure 9. The Saf-Baf
structure is clearly evident, with the $-strands forming a
four-stranded antiparallel 3-sheet (see Figure 7B). The four
B-strands are made up of residues Arg;,~Leu,; (8), Glyys—
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Valyg (8,), Alas;—Tyrs; (83), and Leugy—Leugs (84). Strands
8, and B, are connected by a tight turn made up of residues
His,y—Phes,. The two inner strands of the sheet are the two
highly conserved segments of homology, RNP 1 (residues
50-57) and RNP 2 (residues 18-23), seen in the RBDs of
other members of this RNA-binding protein family.

The two a-helices lie on the other side of the domain
structure, at nearly 90° angles to one another. The two a-
helices are comprised of residues Lys,o—Tyrs; (a;) and
Asnsg—Aspy; (a;). In helix a,, Asng, is likely to act as the
N-cap residue (Richardson & Richardson, 1988) with a hy-
drogen bond between the side-chain oxygen atom of this

residue and the amide proton Asng,, accounting for the pro-
tection from solvent exchange observed for that amide proton.
The positioning of the two a-helices relative to one another
is established by connections to the 8-sheet structure and a
cluster of NOEs involving the aromatic side-chain resonances
of Phe;,, Tyry,, and Tyrs; with the methyl group of Alag. The
loops connecting the elements of regular secondary structure
are less well defined in the model of the hnRNP C RBD, and
more precise positioning must await refinement of this set of
preliminary structures. Note that residues 2-13 (N-terminus
to the beginning of the 8, strand) and 90-94 (end of the 8,
strand to the C-terminus) are disordered among the different
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N

FIGURE 9: Schematic ribbon representation of the hnRNP C RBD
(residues 2-94). The arrows indicate the four antiparallel 8-strands,
and the curled ribbons represent the two a-helices. The labels 51-34
indicate the beginnings of the four strands of the 3-sheet. N and C
denote the amino and carboxy termini of the domain, respectively.
The drawing was generated with the program RIBBON (J. Priestle)
using the calculated structure having the lowest total NOE violations.
Residues 2-13 and 9094 are disordered among the set of calculated
structures.

calculated structures, reflecting the lack long-range constraints
for these residues.

DiscussioN

The backbone 'H and SN resonances of hnRNP C RBD
were initially assigned by utilizing a series of '*N-edited 3D
spectra using the uniformly labeled N protein. Later, tri-
ple-resonance experiments on the doubly uniformly labeled
13C-15N K94 sample allowed assignment of the '*C backbone
atoms, confirmation of the sequential connectivities, and nearly
complete 13C as well as 'H side-chain assignments to be carried
out. The assignments allowed for the identification of 501
NOE interactions and 30 hydrogen bonds that were used as
constraints for the calculation of a set of preliminary structures.

The structures having the smallest constraint violations ex-
hibited the same overall folding pattern. The triple-resonance
experiments were essential for obtaining the complete set of
assignments that will allow for a detailed refinement of these
structures. However, the prior acquisition and analysis of the
ISN-edited spectra were sufficient to obtain the correct se-
quential assignments and, had the doubly labeled protein re-
mained unavailable, these data would have provided enough
information to generate structures of comparable quality and
been sufficient to allow one to proceed with a more limited
refinement of the model.

Except for the posttranslationally cleaved Met, residue, the
N-terminus of the hnRINP C RBD fragment used in this study
corresponds to the N-terminus of the intact hnRNP C1 and
C2 proteins. On the basis of the 35% narrower line widths
observed in the 2D HSQC '“N-'H correlation spectrum
(Figure 1), residues from the N-terminus to Ser,; and residues
90-94 at the C-terminus appear to be considerably more
mobile than the majority of the residues in the RBD domain.
These observations are consistent with the near absence of
long-range NOE interactions in these segments of the domain,
giving rise to disordered N- and C-termini in the set of cal-
culated structures.

While almost all resonances fall within the normal ranges
seen for their residue types in folded proteins (Gross &
Kalbitzer, 1988; Clore et al., 1990), a few resonances exhibit
extreme chemical shift values. For example, one of the 'HB
resonances of His,g is shifted upfield to 0.94 ppm while the
other 'Hp resonates at a more normal value of 2.77 ppm.
Another example is the upfield-shifted 'He resonance of Alag,
at 2.11 ppm. This extreme 'He upfield shift is consistent with
the close proximity of this proton to the three aromatic side
chains of Phey;, Tyry, and Tyrs; found in the hydrophobic core
of the domain. NOEs among these four residues are important
long-range interactions that help to define the overall global
fold. The same type of upfield shift was observed for the 'Ha
resonance of the cognate Alag residue in the NMR study of
the Ul snRNP A RBD (Hoffman et al., 1991).

In the hnRNP C RBD, the '*Cq, *C8, and '*C carbonyl
chemical shifts are sensitive to secondary structure. Plots of
the 3Cea and '*CpB chemical shift deviations from random coil
positions (secondary shift) versus primary sequence are shown
in the panels A and B of Figure 10, while the deviations from
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the average chemical shift values for the }*C carbonyl reso-
nances versus primary sequence are plotted in panel C. There
is a downfield chemical shift tendency for the 1*Ca and 13C
carbonyl resonances of residues involved in both helices a; and
a,. In addition, the residues involved in the 8-sheet structure
display upfield-shifted 13Ca and !*C carbonyl resonances and
downfield-shifted 1*Cg8 resonances. These observations are in
agreement with reports which have documented a correlation
between *C chemical shifts and backbone conformations for
polypeptides in the solid state (Saito & Ando, 1989) and for
a limited set of proteins for which both high-resolution crystal
structures and 3Ca and 1*C8 NMR assignments from solution
studies were available (Spera & Bax, 1991). The correlation
for the B-sheet residues of the RBD is more pronounced for
the two inner strands of the 8-sheet, perhaps indicating that
these strands are more rigid and/or adopt more regular ex-
tended 8 structures. Also, it may be significant that the 3C
carbonyl! of Leu,; and the *C carbonyl and *C8 resonances
of Leug, and Alags deviate from the predicted pattern since
the backbone conformations of these residues appear to be
distorted to accommodate the 8-bulges in the sheet (see Figure
7 and below).

It has been noted that the *Cor chemical shifts of residues
preceding proline residues often exhibit upfield secondary
chemical shifts (Torchia et al., 1975; Clore et al., 1990). In
the hnRNP C RBD, both Asp,, and Glug, are upfield-shifted
relative to their random coil positions.

The global folding patterns of hnRNP C RBD is essentially
the same as that determined for the RBD of the A protein
component of the Ul small nuclear ribonucleoprotein (Ul
snRNP A RBD), as determined by X-ray crystallography
(Nagai et al., 1990). 2D NMR spectroscopy has been used
to assign the 'H resonances of the Ul snRNP A RBD
(Hoffman et al., 1991), and the global fold determined in that
study, based on model building using a limited set of NOEs,
is consistent with the X-ray structure and the model presented
here.

Prior to the publication of the models based on X-ray and
NMR results, the Saf—Baf secondary structural pattern of
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the RBDs was correctly predicted on the basis of an analysis
of the results of the application of secondary structure pre-
diction algorithms to an alignment of 22 published RBD se-
quences (Ghetti et al., 1989). Subsequently, the correct overall
global folding pattern of the RBD domain was predicted by
model building (Ghetti et al., 1990) based on the structure
of acylphosphatase (Saudek et al., 1989a), which displays a
Baf—BafB fold. An important detail not described in these
studies is that although the overall global folds are the same
for acylphosphatase and hnRNP C RBD structures (as well
as that of the Ul snRNP A RBD), they differ in that the two
a-helices are nearly antiparallel in acylphosphatase whereas
they are at almost right angles to each other in the RBD
structures. This appears to be due to the positioning along
helix «, of two key aromatic residues, one helical turn apart,
that are major structural components of the hydrophobic core.
In the hnRNP C RBD structure, Phey,; and Tyr,, are located
toward the C-terminal end of helix ;. Side chains of these
residues make contact with the methyl group of Alag, located
in the middle of helix «,. In contrast, acylphosphatase has
the two aromatic residues from helix a; (Phe,; and Tyr,s)
shifted one helical turn toward the N-terminal end of the helix.
A hydrophobic interaction takes place between side chains of
these residues and Trpg,, located at the C-terminus of helix
a, (Saudek et al,, 1989b). This results in an antiparallel helical
arrangement for acylphosphatase whereas the hydrophobic
interactions dictate a perpendicular helical orientation in the
RBD structures. The perpendicular arrangement of the two
helices is almost certainly a feature the other RBD structures
since the position of the two aromatic residues in helix o), as
well as the alanine residue in the middle of helix a5, are
conserved in nearly all RBD sequences (Bandziulis et al., 1989;
Kenan et al., 1991). In addition, the conservation of the helical
arrangement is supported by the extreme upfield chemical
shifts of the 'Ha resonances of the conserved alanine in helix
«, of both RBDs for which NMR assignments are available
(Hoffman et al., 1991; this paper).

The antiparallel S-sheet structure exhibits a pronounced
right-handed twist. As can be seen in Figure 7, the sheet has
a number of irregularities. For example, there is a S-bulge
in strand 8, at residues Asng; and Leug,. Also, a 8-bulge exists
in strand 8, at residues Gly,, and Asn,,. This distortion has
also been observed in the Ul snRNP-A RBD X-ray structure
(Nagai et al., 1990), although Gly,, of the hnRNP C RBD
is replaced by an asparagine in that protein. Since this is part
of the conserved RNP2 sequence, it is likely to be a common
feature of all of the RBDs.

While the overall global folding pattern is conserved between
the hnRNP C and Ul snRNP A RBDs, there are a number
of differences between the two structures. The major dis-
tinction is that the Ul snRNP A RBD sequence has an in-
sertion of five residues just amino-terminal to RNP1 relative
to hnRNP C. This insertion has the effect of extending the
residues leading into and out of the 8-turn connecting strands
2 and 3 of the S-sheet in the hnRNP C RBD structure into
the extended loop structure seen in the Ul snRNP A RBD
structure. The loop connecting the two g-strands of the Ul
snRNP A RBD structure is thought to be important in me-
diating the binding to U1 RNA (Nagai et al., 1990; Scherly
et al., 1990; Jessen et al., 1991). This is also the region where
the different RBD sequences exhibit the greatest variability,
in terms of length as well as residue type (Bandziulis et al.,
1989; Keenan, 1991). Studies on the RNA-binding of the Ul
snRNP A and hnRNP C proteins and structural information
about the RBDs suggest that sequence and length differences
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Table I: 'H, N, and *C Chemical Shift Assignments for hnRNP-C Fragment (residues 2-94) at 20 °C and pH 5.5

Ala BN IHN B¢ 3co 'Ha 3cp 'HB

A35 1262 791 1804 550 4.8 17.7 1.60

AS53 1249 883 1738 499 502 242 116

A63 1246 681 1788 547 375 223 1.49

A65 1281  7.79 1795 546 414 176  1.68

A66 1287  7.59 1792 540 211 19.1 1.51

A68 1228 759 180.8 540 416 176 1.46

AT6 137.1 960 1772 529 409 170 145

A85 1328 9.3 1774 539 420 185 1.50

A86 123.1 807 1768 518 434 19.7 137

Arg 15N 'HN 3¢ By 'Hao l3cB IHB 13C.Y 1H,Y 3¢y ys ISNE
R12 1236 843 1778 568 425 296 191,191 268 1.73.1.64 430 323,323 1198
R17 1285  7.67 1745 543 531 330 191,191 278 148,148 433 294,294 1218
Ré1 1245 868 1793 593 401 291 191,178 269 1.72,1.66 43.1 325325 1202
R64 1199 8.69 179.6  59.9  3.84 296 199,179 428 327,317 1191
R73 126.8  8.04 1750 563 422 2.10 1.70

R92 1272 849 1767 560 434 303 1.66,1.63 269 193,180 430 321,321  119.8
Asn 15N 'HN B¢ BCco  'Ha 3cp 'HB Bcy  UNg 'Hs

N4 1262 872 1752 531 478 384 285281 587 1174 7.64,6.89

N7 1259 846 1752 531 471 384 285,275 587 1179 7.67,6.98

N15 1225 847 1732 519 472 385 284,277 579 1163 7.53,6.89

N22 1228 886 1743 535 447 380  3.88,2.55 1172 8.46,6.84

N24 1289 910 1759 508 481 349  3.18,249 1151  8.07,721

N59 1172 738 1745 519 512 419 305,297 1190  7.81,693

N62 1229 793 1750 560 433 384 252,238 1143 7.92,7.14

N83 1243 887 1742 523 502 426 291,291 629 1190  7.22,6.81

N91 1276 8.62 1751 529 473 385 285276

Asp 5N 'HN B BCa 'Ha e 'HR

DI0  129.2 845 1749 517 489 412 2.80,2.65

D32 1273 7.23 1783 570 459 415 323272

D71 1232 7.89 1786 569 433 408  3.14,2.67

D81 1281 780 1745 523 513 418 270,258

Cys 15N '"HN 3¢ 3cg 'Ha 13CB THB

C46 1280 855 1725 572 515 272 293,265

Gin N N Be BCa  'Ha THB ey TH SNe 'He
Q56 1322 885 1742 540 480 230,213 344 246,230 1214 731,767
Q78 1237 779 1740 542 476 228,206 544 211,164 1150 7.07, 6.69
G "N !HN ¢ BCa  'Ha B 'Hp Cy 'H8

E34 123.7 868 1787 602 379 290 206,210 376 255202

E60 1278 886 1779 583 421 357 262,220

E70 1193 766 1762 547 465 1.52

E87 1242 799 1779 536 461 300 205190 357 228,219

Gly BN N Be Bea 'Ho,

G21 1182 855 1739 437 436,378

G41 1114 747 1705 441  448,3.90

G45 127 131 1708 452  4.24,3.89

G51 1208 870 1740 453 453,442

G69 1087 822 1756 459  4.02

G72 119.1 837 1738 453 421,372

G717 1066  8.55 1742 454  422,3.74

G93 1151 851 1731 450  397,3.97

His 5N 'HN Be ¥Co.  'Ho 3cp THB 'H3 "He

H49 1334 856 1735 538 463 293 277,094 647 720

Tle N 'HN e Bco  'Ha Bcp 'HPp oy Hy BCym  'Hym  Pcd  'HB
120 1322 835 1733 595 404 386 139 270 113,049 201 075 15.1 -0.11
136 1218 776 1786 643 372 394 173 282 190,095 165 0.16 13.1 0.80
143 131.9 8.77 1771 60.7 4,12 386 176 272 1.86,1.86 17.6  0.68 13.8 0.80
175 1321 871 1753 59.6 444 403 186 271 153,1.19 167 092 123 087
182 1295 900 1745 590 541 395 178 279 176,120 191 099 149 1.08
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Table I (Continued)

Leu N 'HN  Y¢ Pcg 'Ha ’cp 'HB Bey Hy Bcs 'H8 '3Cs 'HS

L23 123.6 741 1765 521 403 444 131,084 224 078 224 078

L26 1260 774 1782 569 434 412 198,1.67 270 172 244 093 244 098

L80 1339 910 1765 557 446 422 221 234 221 253 106 230 0.83

L84 1271 921 1790 554 468 419 184,168 276 184 251 098 241 087

Lys 1N IHN  Y¢ Beo 'Ha Bcp HB Bey  Hy B3cg W8 Bce  'He
K8 1269 840 1769 561 438 328 193,178 24.6 146,143 287 172,172 417 3.02,3.02
K29 1295 902 1780 537 460 338 207,176

K30 1283 908 1778 612 3.64

K39 1243 710 1771 579 398 314 149,129 233 100,086 286 149,149 412 285,280
K42 1223 804 1765 572 421 336 186,171 245 139,139 287 1.68,168 41.7 3.01,3.01
K50 1264 798 1757 565 442 305 198,179 245 146,134 287 168,168 417 299,299
K89 1265 838 1769 565 428 328 1.80,1.72 247 149,143 291 175170 418 3.01,3.01
K94 1307 790 1814 573 421 335 187,172 246 140,140 288 172,172 418 3.02,3.02
Met 15N IHN ]3Cv lBCa lHa 13CI5 1H[3 I3C.Y lH.Y

M14 1263 832 1771 568 433 321 211,203 322 265253

M74 1298 875 1759 547 492 332 207,195 319 235219

Phe BN HN B¢ Bca  'Ha o 3c¢p 'HB 'H81  'He THE

F19 1323 929 1727 567 475 407 3.07,2.94

F37 1183 859 1796 627 441 367  3.82,291 804 699 711

F52 1182 721 1717 555 531 405 339,266

Fs4 1189 888 1759 563 590 439 293,28 731 747 693

Pro BN ¢ Co  'Ha  ’cB  'HB "cy  'Hy 13¢s 'H&

P11 177.8 642 443 321 237,203 271 206,206 506  3.95,3.95

P88 175.9 642 406 325 226,226 218 1.12,1.08

St N N B¢ Bca  'Ha ' 'HB

S3 878 1739 579 453 636  3.88,3.88

S13 121.0 814 1759 592 437 630 393,387

516 1132 759 1722 568 449 633  3.89,3.40

$31 116.0 864 1776 612 407 614 386

$38 1266 895 1752 610 486 624 425414

547 1270 878 1721 565 476 650  3.82,3.73

The BN HN B¢ ¥co Ho  ’cBp HB ey Hy

T6 1226 836 1741 615 435 696 422 213 118

T9 119.8 829 1739 615 432 696 418 213 114

T25 1227 830 1752 632 433  69.6 433 213 118

Tyr 15N IHN V¢ BCa  'Hao 3cp 'HB 'H81  'He

Y40 1192 701 1747 587 430 381 339,267 680 720

Y57 1312 876 1760 580 528 412 372,311 704 668

Val_ BN "IN B¢ Bca 'Ha Bcp 'R By 'y Moy 'Hy

V5 1252 825 1764 621 418 322 210 210 093 2001 093

VI8 1298 963 1742 613 456 343 198 226 112 226 084

V27 1194 689 1752 628 412 349 178 208 091 208 091

V28 1266 831 1745 629 394 317 172 211 090 211 090

V33 1249 786 1786 672 355 314 226 234 076 226  0.64

Va4 1297 886 1763 620 420 320 200 201 088 211 073

Va8 1280 874 1743 621 411 330 193 221 097 213 073

VS5 1232 868 1729 612 437 352 145 220 046 220 038

V58 1220 945 1758 642 405 325 226 216 111 216  1.09

V61 1213 767 1777 664 342 317 216 227 105 213 1.00

V79 1283 870 1766 627 410 319 195 220 099 207 092

V90 1261 821 1757 618 409 326 203 204 091 204 091

in the 8-turn/loop region of the sheet provide at least part of
the structural basis for the differences in the RNA-binding
specificities between these two proteins. We have found that
the addition of RNA oligomers to the hnRNP C RBD causes
very large chemical shift perturbations on the backbone 'H
and 15N resonances of residues making up the 3-sheet while

leaving resonances from the a-helical segments unaffected
(Gorlach et al., 1992), suggesting that RNA interactions with
the RBD are mediated by contacts on the 3-sheet side of the
domain.

The structural model presented here was calculated with
only a relatively small set of NOE constraints with the purpose
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of determining the global folding pattern. Only a small
percentage of the information content of the 4D NOESY
spectra was utilized for the calculation of a set of preliminary
structures. Full utilization of the NOEs observed in these
spectra, as well as angle constraints derived from coupling
constants, will allow extensive refinement of the model. This
will form the basis for further studies involving RBD inter-
actions with RNA.
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ABSTRACT: The nuclear modulation effect in pulsed EPR spectroscopy was used to study the type 2 copper
binding site in the mercury derivative of laccase (MDL) in which the type 1 copper is substituted by Hg(II).
By comparing the three-pulse electron spin—echo modulations and Fourier transform spectra of MDL and
several model compounds, we conclude that the imidazole groups of two histidyl amino acid residues are
equatorially coordinated to Cu(II) in the type 2 site. Computer simulations of these data suggest that the
remote nonbonding nitrogens of the two imidazoles possess nuclear quadrupole parameters e?qQ = 1.47
MHz and n = 0.83. A, values of these two nitrogens are not identical, being 1.5 and 2.0 MHz. We have
also used samples of the enizyme exchanged with D,0 to examine the coordination of the water to the type
2 copper site. The deuterium modulation that is resolved by taking the ratio of the time domain ESEEM
data from native and D,O-exchanged enzyme indicates that there is an equatorial water ligand, and further

data show that this water is displaced by azide.

Laccase is an intensely blue, copper-containing protein found
in plants and fungi (Reinhammar, 1984). It catalyzes the
oxidation of aromatic diamines and diphenols, yielding water
as the final product of dioxygen reduction. The intense blue
color arises from a thiolate to Cu(II) charge transfer at one
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of the metal sites (McMillin et al., 1974; Solomon et al.,
1976a,b). This site, termed type 1 (Malmstrom et al., 1968),
has an unusually small nuclear hyperfine coupling constant,
Aj, in the EPR.! On the basis of optical and magnetic
properties, it resembles some low molecular weight, mono-
nuclear copper proteins where the copper is bound to a cys-
teinyl sulfur, two histidyl imidazoles, and a methionyl sulfur
(Colman et al., 1978; Adman et al., 1978; Norris et al., 1981).
Imidazole coordination is demonstrated by pulsed EPR
methods (Mondovi et al., 1977; Avigliano et al., 1981). The

! Abbreviations: EPR, electron paramagnetic resonance; ESEEM,
electron spin-echo envelope modulation; ENDOR, electron-nuclear
double resonance; MDL, mercury derivative of laccase; LEFE, linear
electric field effect; NQI, nuclear quadrupole interaction; EXAFS, ex-
tended X-ray absorption fine structure spectroscopy.
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