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Abstract 

The C-terminal oligomerization domain of chicken cartilage matrix protein is a trimeric coiled coil comprised of three 
identical 43-residue chains. NMR spectra of the protein show equivalent magnetic environments for each monomer, 
indicating a parallel coiled coil structure with complete threefold symmetry. Sequence-specific assignments for *H-, 
"N-, and I3C-NMR resonances have been obtained from 2D 'H NOESY and  TOCSY spectra, and from 3D  HNCA, I5N 
NOESY-HSQC, and HCCH-TOCSY spectra. A stretch of a-helix encompassing five heptad repeats (35 residues) has 
been identified from intra-chain HN-HN and HN-Ha NOE connectivities, 3 J ~ ~ ~ o  coupling constants, and chemical shift 
indices. The  a-helix begins immediately downstream of inter-chain disulfide bonds between residues Cys 5 and Cys 7, 
and  extends to near  the C-terminus of the molecule. The threefold symmetry of the molecule is maintained when the 
inter-chain disulfide  bonds that flank the N-terminus of the coiled coil  are reduced. Residues Ile 21 through Glu 36 show 
conserved chemical shifts  and NOE connectivities, as well as  strong protection from solvent  exchange in the oxidized 
and reduced forms of the protein. By contrast, residues Ile 10 through Val 17 show pronounced chemical shift 
differences between the oxidized and reduced protein. Strong chemical exchange NOES between HN resonances and 
water indicate solvent exchange  on time scales faster than 10 s, and suggests a dynamic fraying of the N-terminus of 
the coiled coil upon reduction of the disulfide bonds. Possible roles  for the disulfide crosslinks of the oligomerization 
domain in the function of cartilage matrix protein are proposed. 

Keywords: a-helix; coiled coil;  disulfide bonds; flexibility; heteronuclear NMR; hydrogen exchange; 
oligomerization domain 

The a-helical coiled coil is a common protein structural motif. 
Examples of coiled  coils  are found in extracellular proteins, mus- 
cle proteins, cytoskeletal components, viral surface proteins, tran- 
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Abbreviations: 2D, two-dimensional; 3D, three-dimensional; AGu, change 
in free energy on unfolding; CD,  circular dichroism: CMP, cartilage matrix 
protein; CMPcc, coiled coil domain of chicken  CMP; DIPSI, decoupling in 
the presence of scalar interactions; DTT, dithiothreitol; HCCH-TOCSY, 
'H-I3C  HSQC  combined with "C TOCSY IPTG,  isopropyl p-D- 
thiogalactopyranoside; HNCA, (amide proton)-(nitrogen)-(a-carbon) cor- 
relation; HNHA, (amide proton)-(nitrogen)-(a-proton) correlation; HNHB, 
(amide  proton)-(nitrogen)-@proton)  correlation;  HSQC, heteronuclear 
single-quantum coherence spectroscopy; NEM, N-ethyl maleimide; NOE, 
nuclear Overhauser effect; NOESY, NOE spectroscopy; OD, optical den- 
sity; Pfi protection factor; PCR, polymerase chain reaction; TOCSY, total 
correlation spectroscopy; TPPI, time proportional phase incrementation. 

scription factors, and tumor suppressors (Lupas, 1996). In many of 
these proteins coiled coil domains mediate oligomerization (Lu- 
pas, 1996; Kammerer, 1997). There  is a great diversity of coiled 
coils, with oligomerization states ranging from  dimers to penta- 
mers (Harbury  et al., 1993; Malashkevich et a]., 1996). A common 
feature of coiled coils is that their primary sequences share a 
highly characteristic seven-residue "heptad repeat" (ubcdefg),, with 
residues a and d predominantly hydrophobic and with residues e 
and g often occupied by charged residues (Hodges  et al., 1972; 
McLachlan & Stewart, 1975; Cohen & Pany, 1990). Because the 
rules governing the formation of coiled coils are relatively well 
understood compared to those for globular proteins, there has been 
substantial progress in identifying coiled coils  from amino acid 
sequence (Parry, 1982;  Lupas et al., 1991;  Berger  et al., 1995), in 
predicting coiled coil oligomerization states  (Harbury  et al., 1993; 
Woolfson & Alber, 1995), and  in the design of coiled  coils  (Betz 
et al., 1995). 
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Cartilage matrix protein (CMP), also known as matrilin 1 (DeAk Results 
et al., 1997). is one of the most abundant non-collagenous extra- 
cellular proteins of the cartilage matrix. Although the precise func- Detemination of oligomerization state 
tion of the protein is unknown, its association with the proteoglycan 
aggrecan (Paulsson & Heinegird, 1981) and with collagen (Ton- 
dravi et al., 1993)  suggests that the protein is an integral compo- 
nent of cartilage collagen fibrils (Winterbottom et al., 1992). A 
possible role for CMP in the regulation of cartilage matrix assem- 
bly has been suggested ( Hauser & Paulsson, 1994). CMP consists 
of three identical polypeptide chains  (trimer MW 148 kDa). Each 
chain consists of four domains: domains 1 and 3  show homology 
to von Willebrand factor type A; domain 2 has homology to epi- 
dermal growth factor; domain 4 contains the characteristic heptad 
repeats of a coiled coil motif (Hauser & Paulsson, 1994). 

The 43-residue C-terminal domain (CMPcc) that is the subject 
of the present study corresponds to residues 451-493 of chicken 
CMP (Argraves et al., 1987). Residues C7 through K41 span five 
heptad repeats in the sequence of CMPcc  (Fig. 1 ), Mutagenesis 
studies indicate that C5 and C7, directly upstream of the heptad 
repeats form inter-chain disulfide bonds (Haudenschild et al., 1995). 
These  disulfide bonds have been postulated to enhance the stability 
of the coiled coil structure once formed (Haudenschild  et al., 1995; 
Beck et al., 1996). In this paper we report ‘H-, I5N-. and ‘C-NMR 
resonance assignments for CMPcc. Additional results on the NMR 
characterization of the extent of a-helical secondary structure in 
CMPcc, and on the role of the interchain disulfide bonds in re- 
stricting the flexibility of this structure are presented. 
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Fig. 1. The sequence of the C-terminal coiled coil domain (residues 451 to 
492) of chicken CMP  (Argraves  et al.. 1987). The five heptad repeats in the 
sequence of CMPcc  (Hauser & Paulsson, 1994) are indicated by roman 
numerals to the right of the figure. Hydrophobic residues in the u and d 
positions of the heptads are highlighted. The protein used in the present 
studies contains the additional “foreign” N-terminal residues GSHM. These 
residues are an artifact of the expression system for CMPcc and are not 
included in the present numbering scheme. 

For structural studies recombinant CMPcc was prepared by heter- 
ologous gene expression in E. coli (Materials and methods). The 
homogeneity of affinity purified recombinant CMPcc was assessed 
by tricine SDS-PAGE (Schagger & von Jagow, 1987). Analysis 
under reducing conditions (Fig. 2, lane 1) revealed a single band 
with a mobility consistent with the calculated molecular mass of 
the monomer (5,386 Da). Analysis under non-reducing conditions 
(Fig. 2, lane I )  revealed a band consistent with the calculated 
molecular mass for  a trimer (16,158 Da). 

Sedimentation coefficients of oxidized and reduced NEM-CMPcc 
were determined by sedimentation velocity at 56,000 rpm, and 
average molecular masses by sedimentation equilibrium centrifu- 
gation at  34,000 rpm, as described previously (Kammerer  et al., 
1995). Sedimentation velocity runs revealed sharp boundaries in- 
dicating homogeneity of the material, and this was supported by 
linear plots of the logarithm of absorbance versus r’ (van Holde, 
1985). Coefficients s~oo.,v = 1.84 S and .T!&~ = 1.78 S were ob- 
tained for oxidized and reduced NEM-CMPcc, respectively, as- 
suming a partial specific volume of 0.73 mL/g. Sedimentation 
equilibrium measurements at 34,000 rpm yielded average molec- 
ular masses of  16.7 kDa for oxidized CMPcc, and 18.2  kDa for 
reduced NEM-CMPcc. These values indicate a trimeric oligomer- 
ization state for both the reduced and oxidized forms of CMPcc. 

NMR resonance assignments 

NMR spectra (e.g., Fig 3A) contain only resonances corresponding 
to the primary sequence of the CMPcc monomers, pointing to an 
equivalent magnetic environment for each of the three polypeptide 
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Fig. 2. Tricine-SDS-PAGE of purified recombinant CMPcc. Lanes: 1, re- 
ducing conditions: 2, non-reducing conditions. The migration of marker 
proteins of known molecular mass is shown IO the left in  units of kDa. 
Approximately 5 pg of protein were loaded in each lane. 
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Fig. 3. 'H-''N HSQC  spectra  of (A) oxidized  and (B) reduced  CMPcc.  The  spectrum  in (A) was  obtained  for  a 3 mM  solution of 
"N-labeled CMPcc in 90% H20/10% DzO, 150 mM  NaCI,  pH 6.0. The  spectrum in  (B) was  obtained  for  the  same  sample  conditions, 
except with a 10-fold molar excess  of DTT per CMPcc monomer. The box  in (B) indicates the crosspeak for C5 which is only visible 
at  lower  contour  levels 

chains. This observation indicates a parallel coiled-coil structure 
with threefold symmetry. A  consequence of this threefold symme- 
try is that inter-chain disulfide bonds other than those between C5 
and C7 are precluded; pairings such as C5-C5 or C7-C7 would 
result in two free cysteines per trimer, an arrangement inconsistent 
with the three-fold symmetry observed by NMR. Resonance as- 
signments for CMPcc  (Table 1) were obtained from a combination 
of 2D and 3D NMR spectra. CMPcc has an extremely high thermal 
stability, with a T, above 100°C in non-dissociating buffers (RAK 
and  JE, unpubl. obs.). This high thermal stability made  it possible 
to collect NMR data at a temperature of 50 "C, close to the upper 
temperature limit of our pulse field gradient probes. The use of 
high temperature circumvented many of the technical difficulties 
associated with NMR studies for a protein with a molecular weight 
of 16.2 m a .  For  example, it was possible to obtain most "residue- 
type" assignments from a single 2D 'H-TOCSY spectrum col- 
lected with a long isotropic mixing  time of 60 ms. A distinct 
disadvantage for NMR work on CMPcc is the protein's very lim- 
ited chemical shift dispersion; an observation that is likely to re- 
flect the protein's predominantly a-helical structure, and the presence 
of only one aromatic residue (F13) in the sequence. Spectral over- 
crowding is particularly severe in the methyl region of the NMR 
spectrum, where hydrophobic V, I, L residues that form most of the 

interface between a-helices in the coiled coil resonate. Extensive 
assignments for most of the long-chain aliphatic spin-systems in 
CMPcc required the additional "C frequency handle provided by 
a 3D HCCH-TOCSY spectrum, to resolve the ambiguities inherent 
to the crowded 'H-NMR spectrum. 

Initial sequence-specific assignments were obtained from a  long 
stretch of sequential HN-HN and HN-Ha NOE connectivities run- 
ning from K8 to 143, identified in a ' H  2D NOESY spectrum 
acquired with a high digital resolution. Subsequently, these assign- 
ments were confirmed in 3D 'H-"N NOESY-HSQC and HNCA 
spectra. An advantage of the 3D HNCA experiment is that it pro- 
vides through-bond sequential connectivities, removing possible 
ambiguities in sequential assignments based on NOE distance in- 
formation (Tkura et al., 1990). A second advantage of this exper- 
iment is that it provides C a  chemical shift information that can be 
used as a starting point for extending 'H spin system assignments 
to "C resonances in 3D HCCH-TOCSY spectra. 

Secondary structure 

Chemical shift indices, and 3JHNHa. coupling constant values for 
CMPcc are summarized in Figure 4. Ha,  Ca, and C/3 chemical 
shifts for residues K8 to N40 are consistent with an a-helical 
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Table 1. ISN, I3C, and ‘H resonance assignments for native CMPcc 

Chemical shift (ppm) 

Residue N  HN 

Gly -4 
Ser -3 
His -2 
Met -1 
Glu 1 
Glu 2 
Asp 3 
Pro  4 

Glu 6 
cys  5 

cys  7 
Lys  8 
Ser 9 
Ile 10 
Val  11 
Lys 12 
Phe 13 
Gln 14 
Thr 15 
Lys 16 
Val  17 
Glu 18 
Glu 19 
Leu 20 
Ile 21 
Asn  22 
Thr 23 
Leu  24 
Gln 25 
Gln 26 
Lys  27 
Leu 28 
Glu 29 
Ala 30 
Val  31 
Ala 32 

Arg 34 
Ile 35 
Glu 36 
Ala 37 
Leu 38 
Glu 39 
Asn 40 
Lys  41 
Ile 42 
Ile 43 

Lys 33 

120.8 
123.5 

1 12.9 
120.5 
121.3 
116.4 
115.4 
126.3 
119.3 
121.4 
121.1 
118.2 
113.4 
123.0 
118.3 
119.9 
119.1 
121.3 
119.5 
119.4 
117.0 
123.0 
118.1 
118.7 
121.3 
121.5 
119.7 
121.4 
117.8 
123.5 
117.7 
120.4 
120.3 
121.9 
119.2 
118.2 
118.6 
113.8 
118.2 
118.2 
127.6 

8.25 
8.33 
8.12 
8.41 

8.30 
7.27 
8.35 
8.82 
7.27 
7.95 
8.36 
7.66 
8.12 
8.3 1 
8.05 
7.83 
8.35 
8.19 
7.71 
8.33 
8.73 
8.09 
8.29 
8.24 
8.64 
7.94 
8.33 
8.57 
8.01 
7.72 
8.13 
8.42 
7.86 
7.64 
8.12 
7.97 
7.5 1 
7.42 
8.53 
7.63 
7.54 
7.49 
7.40 

Ca  Ha  CP  HP Others 

44.1 
58.6 
56.5 
56.1 
57.3 
57.3 
52.0 
64.4 
54.4 
56.5 
58.6 
60.2 
62.0 
65.8 
67.1 
60.2 
62.1 
59.6 
66.5 
59.4 
67.1 
61.1 
60.0 
59.0 
66.0 
57.3 
67.3 
58.8 
60.4 
59.6 
60.0 
58.4 
59.6 
55.7 
66.9 
56.1 
59.2 
59.4 
64.8 
59.6 
55.3 
58.2 
59.4 
54.8 
57.5 
61.5 
63.3 

3.90 
4.56 
4.72 
4.49 
4.25 
4.28 
4.9 1 
3.85 
4.36 
4.30 
4.48 
4.01 
4.24 
3.74 
3.54 
4.05 
4.25 
3.54 
3.96 
4.09 
3.54 
3.93 
4.19 
4.13 
3.59 
4.54 
4.0 1 
3.98 
3.92 
4.1 I 
4.13 
4.04 
4.09 
4.19 
3.73 
3.96 
4.12 
4.16 
3.74 
4.10 
4.17 
4.07 
3.85 
4.62 
4.36 
4.26 
4.05 

64.4 
30.4 
33.7 
30.8 
30.8 
42.0 
32.9 
41.6 
30.8 
40.9 
32.1 
64.0 
38.3 
31.7 
32.5 
39.1 
27.9 
69.8 
32.5 
31.7 
30.0 
29.6 
42.9 
37.5 
38.7 
69.4 
42.9 
28. I 
28.8 
33.3 
42.0 
29.6 
18.4 
31.7 
18.0 
32.5 
32.1 
38.3 
30.4 
18.4 
42.9 
30.0 
39.5 
34.1 
38.7 
39.9 

3.85 
3.23,3.15 
2.53.2.47 
2.06,1.93 
1.99, 1.88 
2.88, 2.62 
2.30.1.87 
3.67, 3.00 
2.23, 2.16 
3.48, 2.96 
1.88, 1.96 
3.99, 4.18 
2.19 
2.01 
2.02, 1.98 
3.30, 3.28 
1.48, 1.95 
4.24 
1.95 
2.01 
2.24, 2.14 
2.22 
1.44, 2.08 
2.02 
3.02, 2.91 
4.39 
1.38, 2.08 
2.38,  2.26 
2.28,  2.23 
2.02, 1.91 
1.90,  1.71 
2.17 
1.60 
2.30 
1.52 
1.99, 1.93 
2.12, 2.01 
1.93 
2.18 
1.51 
1.45, 2.06 
1.95, 2.34 
2.88, 2.84 
1.94 
1.95 
1.86 

Cy 32.1; H, 2.09.1.96; C,  17.6;  H, 2.09 
Cy 36.6; H, 2.29 
Cy 36.6; H, 2.29 

Cy 27.5; H, 1.95; Cs 51.54; Ha 3.93 

Cy 37.5; H, 2.48 

Cy 25.0; H, 1.52, 1.45; Ca 29.6, Ha 1.76.1.70;  C, 42.4; H, 3.00 

Cv 30.4; H, 1.75; CvMe 18.4; H,M~ 0.92; C S M ~  17.25; H ~ M ~  0.82 

Ha 7.37; H, 7.42; Hi  7.24 
Cy 33.7; H, 2.30; Na 105.6; Ha 6.42, 6.33 
Cy 22.1; H,M, 1.27 
Cy 25.0; H, 1.52, 1.28; Ca 29.6; Ha 1.74; C, 42.4; H, 2.90 
CyMe 22.6, 24.2; H,M~ 0.90, 0.65 
Cy 37.5; H, 2.64, 2.25 
Cy 36.6; H, 2.47, 2.25 
Cy 27.1; Hy 1.89; Cme 23.8, 25.5; HSM~ 0.93, 0.91 
Cy 30.0; H, 1.80, 1.00: C,M~ 18.0; H I ~ e  0.94; C ~ M ~  13.9; H ~ M ~  0.78 
N, 112.2, H, 7.60,6.83 
C,M~ 22.1; H,M~ 1.30 
Cy 27.5; H, 1.97; C ~ M ~  26.7,  24.2: HGM~ 0.93, 0.87 
Cy 35.0; H, 2.54,  2.41: Ns 109.4; Ha 7.24,  6.59 
Cy 34.6; H, 2.46,  2.64. N6 11 1.7; Ha 7.26, 6.74 
Cy 25.9; H, 1.47;  Cs 26.3; Ha 1.74, 1.67; C, 42.0; H, 2.90 
c, 28.3; H, 1.74; 25.0, 26.3; 0.93, 0.93 
Cy 37.0; H, 2.35, 2.44 

C,M~ 22.1, 23.0; HyMe 0.95, 1.11 

Cy 25.5; H, 1.55; Ca 28.8; Ha 1.71, 1.58; C, 42.4; H, 3.00 
Cy 27.1; H, 1.80; C,5 44.9; Ha 3.36, 2.96 
Cy 30.4; H, 1.78, 0.89; C,M~ 18.0; H,M~ 0.89; 16.0; H ~ M ~  0.84 
Cy 36.6; H, 2.22, 2.40 

Cy 27.1, H, 1.95; Cme 26.7, 24.2; H ~ M ~  0.93, 0.87 
C, 37.9; H, 2.53, 2.25 
N; 112.1; H, 7.41, 6.91 
Cy 25.4; H, 1.53; Ca 29.6; Ha 1.68; C, 42.8; Hb 3.00 
Cy 27.5; H, 1.53, 1.28; C,M~ 18.0; H,M~ 0.91; C ~ M ~  13.9; H ~ M ~  0.85 
Cy 27.9; H, 1.45, 1.18; C,M~ 18.4; H,M~ 0.92; C ~ M ~  13.5; H ~ M ~  0.87 

Themica1 shifts for stereospecifically assigned resonances are underlined. The atom  with the lower branch number (PDB convention) is shown first (e.g. 
Hpl, H y ~ ~ 1 ) .  Stereospecific assignments for Hp protons were obtained on the basis of 50-ms mixing  time  NOE,  and 3D HNHB data (Archer et al., 1991). 
Stereospecific assignments for Val and Leu methyl groups were obtained by the method of Neri et al. (1989). 

structure,  and show large deviations from  the “coil” values of shifts (Wishart et  al.,  1991). H a  chemical shifts are within 90% 
Wishart et al. (1995a). Indeed, most residues between K8 and N40 limits for a-helices, while for Cp shifts only mean values are 
(75%) have Ca chemical shift values well downfield of the 90% available (Wishart et ai., 1995a). All resolvable 35m~, coupling 
confidence intervals for a-helices in globular proteins  (Wishart constants between residues K8 and N40 are below 5.5 Hz, as 
et al., 1991). The  strong a-helix shifts of Ca resonances in CMPcc expected for an a-helical structure. 
could reflect a distinct feature of coiled coils, or could be a sta- Symmetric oligomers present  a severe challenge for NMR stud- 
tistical  artifact of the relatively small  database of 13Ca chemical ies because of the difficulties associated with distinguishing NOE 
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Fig. 4. Differences in Ha (A), C a  (B), and CP (C) chemical shifts from 
random coil values (Wishart et aI., 1995a), and ?IHNHa coupling constants 
(D) for native (oxidized)  CMPcc.  The  five heptad repeats in the sequence 
of CMPcc are indicated by roman numerals at the top of the figure. 3 J ~ ~ ~ a  
coupling constants were measured from a 3D HNHA spectrum by the 
method of Vuister and Bax (1993). 

distance contacts within a chain from those between chains (Folk- 
ers,  et al., 1993;  O'Donoghue  et al., 1993; Junius et al., 1996). One 
strategy to differentiate inter-chain from intra-chain NOEs is to 
make oligomers that consist of 1:l mixtures of isotopically labeled 
and unlabeled monomers. Inter-chain NOEs can then be distin- 
guished from intra-chain NOEs by using NMR spectral editing 
techniques that select for magnetization transferred from protons 
on labeled chains, to protons  on unlabeled chains (Folkers, et al., 
1993). Using this strategy in conjunction with isotope-filtered 
NOESY experiments (Kay et al., 1990; Lee  et  al.,  1994) we were 
able to detect inter-chain NOEs for I3C bound protons, which are 
mostly consistent with the predicted packing of a and d residues in 
the interface of a parallel coiled coil (R. Wiltscheck, S.A. Dames, 
& A.T. Alexandrescu, unpubl. obs.). In the case of  "N bound 
protons, however, we did not  observe any inter-chain NOEs. The 
X-ray structure of the parallel three-stranded coiled coil GCNCPII 
(Harbury et al., 1994) serves as a useful benchmark for  the struc- 
ture of a trimeric coiled coil. The  NOE  is primarily sensitive to 

R. Wiltscheck et al. 

distances shorter than 5 8, .  Using the X-ray structure of GCNCPII 
as a model for a trimeric coiled coil we searched for all distances 
less than 5 A that involve protons on different chains. Per mono- 
mer, there are  on average about 650 inter-chain distances shorter 
than 5 A between carbon bound protons. For distances involving 
amide protons, however, this number drops to about 10 per mono- 
mer. Furthermore, most of the inter-chain distances involving am- 
ide  protons  are not consistently below 5 8, when different chains of 
the GCNCPII trimer are examined. Lattice packing often induces 
small deviations from perfect symmetry in X-ray structures of 
oligomeric proteins. That the few inter-chain distances less than 
5 8, involving amide proton are not conserved when different 
chains of the GCN4-PII trimer are compared, suggests that these 
contacts occur predominantly in regions of the X-ray structure 
where deviations from threefold symmetry are pronounced. Taken 
together, these observations suggest that in a trimeric coiled coil 
backbone amide protons are insulated from the trimer interface by 
the hydrogen bonding network of the a-helix monomers. Inter- 
chain NOEs involving backbone amide protons are thus expected 
to be extremely rare in a trimeric coiled coil, consistent with our 
isotope-filter NOESY data. 

Intra-chain HN-HN and HN-Ha NOE connectivities observed 
in 2D NOESY and  3D 'H-l5N NOESY-HSQC spectra of CMPcc 
are summarized in Figure 5A. Residues K8 to I43 give, for the 
most part, strong to medium dNN, and medium to weak daN NOE 
connectivities. A long stretch of dNN(i,i + 2), daN(i,i + 2), 
daN(i,i + 3), and daN(i,i + 4) connectivities indicate a contin- 
uous a-helix for  this region of the polypeptide chain. The  three 
C-terminal residues K41 to I43  show some NOEs characteristic of 
a-helical structure. Chemical shifts and 3JHNHn coupling con- 
stants, however, suggest that these residues undergo rapid averag- 
ing between a-helical and  unstructured  conformations. Taken 
together the NOE, chemical shift, and 3JHNHu coupling constant 
data suggest that residues K8 to N40  define the approximate limits 
of a-helix secondary structure of the CMPcc monomers. Severe 
spectral overlap precluded a detailed analysis of structure between 
C5 and C7. With the possible exception of a reverse turn involving 
residues E2-D3-P4-C5, we did not detect any regular secondary 
structure upstream of residue C7. 

Comparison of oxidized and  reduced CMPcc 

Figure 3B  shows a 'H-I'N HSQC spectrum of CMPcc in the 
presence of a IO-fold molar excess (per monomer) of the reducing 
agent dithiothreitol (DTT). Because the resonances of the oxidized 
and reduced forms of CMPcc  are  in slow exchange on the chem- 
ical shift time scale, the spectrum of the reduced protein was 
assigned independently using 3D TOCSY-HSQC and 3D NOESY- 
HSQC  data.  HN and H a  chemical shift differences between the 
two  forms of the protein are summarized in Figure 6. A chemical 
shift difference gradient that decays by one-half for about every 
nine residues runs from the N- to the  C-terminus of the molecule. 
Consequently, chemical  shifts downstream of L25 are highly sim- 
ilar between the oxidized and reduced protein (Figs. 3 and 6). 
Indeed, these served as a useful starting point for sequential as- 
signment of the reduced protein. Larger chemical shift differences 
are observed near the N-terminus, together with a decrease in 
intensity of 'H-I5N crosspeaks in the reduced protein. An unfold- 
ing of a-helical structure upon reduction of the disulfide bonds 
should give a uniform trend of chemical  shifts towards random coil 
values. Instead, a periodicity in chemical shift differences of about 
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Residue 

three to four residues is observed. This periodicity may reflect the 
3.5 residue per turn periodicity of an a-helix in a coiled coil 
(Cohen & Parry, 1990) and  could be due to changes in the solvent 
environment of the asymmetric knobs-into-holes interface between 
any two adjacent monomers (Harbury  et al., 1994). Alternatively 
the periodicity could simply reflect changes in the inside/outside 
polarity of C5 and C7 relative to the amphipatic helix monomers 
upon reduction of the protein. 

Residues I10  to V17 show strong protection in 'H/'H isotope 
exchange experiment with the oxidized protein (Fig.  7A) but no 
protection in the reduced protein (Fig. 7B). A dramatic difference 
is also evident when NOE  data  for residues I10 through V17  are 
compared in the oxidized and reduced forms of the protein. In the 
reduced protein, residues I10 to V17 show a decrease in NOE's 
characteristic of a-helical structure (Figs. 5 and 8D) at the expense 
of intense NOEs to the water resonance at 4.49 ppm. In the ab- 
sence of DTT,  similar NOEs to water are observed only for resi- 
dues E2, D3, E6 upstream of the disulfide bonds, and for residue 
S9. In principle, NOEs to water could arise  from  dipolar contacts 
between amide  protons  and  protein-bound water. For reduced 
CMPcc, however, this mechanism is extremely unlikely. First, it is 
difficult to envisage a structure where protein-bound waters are 
segregated to a discrete portion of the polypeptide chain (e.g., 
residues D3 to V17).  Second,  the magnitude of the NOEs would 

with the free variables: K r a  constant describing the chemical shift dif- 
ference for the first residue, A-an arbitrary phase shift, A-the period of 
the sinusoidal function, and m-a constant that describes the decay of the 
sinusoidal function as a function of position in the sequence. Values for (A) 
were A = 3.3 residues, rn = 12.0 residues, with an R correlation coefficient 
of 0.66; for (B) A = 4.2 residues, m = 16.2 residues, and R = 0.48. 
Reduced x' values for both fits were within 95% confidence limits (Shoe- 
maker et al., 1981). 

require prohibitively short distances between amide protons and 
water, as the water NOE crosspeaks are comparable or stronger 
than the auto-correlation peaks. The most likely explanation for the 
observed NOEs is chemical exchange mediated magnetization trans- 
fer between amide protons and water. For this type of NOE effect 
to  be observed, the rate of chemical  exchange must be comparable 
to that of proton R1 relaxation. This puts a limit of approximately 
0.1 s- '  to  10 s-l on the rates of amide  exchange (ForsCn & 
Hoffman, 1963), and  limits between 0.1 and 200 on the protection 
factors of residues I10 to V17  in the reduced protein. Marginal 
protection from solvent exchange, however, does not necessarily 
imply a lack of structure (Alexandrescu et al., 1996). 
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Fig. 7. Hydrogen exchange protection factors for (A) oxidized and (B) 
reduced CMPcc. The subset of slowest exchanging residues have similar 
protection factors in spite of disparate intrinsic exchange rates, suggesting 
an EX2 exchange mechanism (Bai  et al., 1995). 

Chemical exchange between amide protons and  water provides 
an extremely efficient relaxation sink  for residues D3  to V17, with 
the quality of the  NOE  spectrum  showing an increasing deterio- 
ration from  V17 toward the N-terminus of the reduced protein 
(Fig. 8D). Consequently, a detailed NMR structural analysis of 
residues I10 to V17 in the reduced protein is precluded under the 
conditions of this study. A 3D NOESY-HSQC spectrum collected 
for  the reduced protein at a lower temperature of 27 "C shows  some 
improvment in the data  for residues V17 to F13  as a result of 
attenuated solvent exchange effects at  the  lower temperature. There 
is  an increase in the intensity of daN(i, i + 3) NOEs in  the region 
between N22 and T15 at  the  lower temperature, and we detected 
the additional NOEs dNN(T15,V17), daN(F13,T15),  daN(T15, 
E19), and daN(K12,K16). These NMR data suggest that a-helical 
structure in the reduced protein may extend to about residue F13 at 
a temperature of 27°C. Even in  the  spectrum collected at  27°C. 
however, NOEs to water become increasingly large u p s t ~ a m  of 
F13. These solvent exchange effects preclude  an NMR comparison 
of a-helical structure upstream of F13 in  the reduced and oxidized 
proteins. There  are a number of observations, however, which 
suggest that even  at 50 "C a-helical structure may be significantly 
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populated for residues I10 to V17 in the reduced protein. Ha 
chemical  shifts remain within the range predicted for  a-helical 
structure (Wishart et al., 1995a). The reduced protein exhibits a 5% 
smaller negative ellipticity at  222 nm, and less than a 1% reduction 
in negative ellipticity at 208 nm compared to the oxidized protein 
(Fig. 9). A complete  loss of a-helical structure for residues I10 to 
V17 would correspond to a 26% loss of the total a-helix structure 
identified by NMR for oxidized CMPcc.  The magnitude of the 
changes observed in  the CD spectrum seem to preclude a complete 
unfolding of residues I10 to V17 in the reduced protein. 

In a separate study, Beck  et al. (1996) studied a trimeric peptide 
that contained all of the sequence of the homologous human CMPcc 
domain downstream of the  disulfide bonds. CD spectra of this 
peptide suggested that it was almost fully helical (Beck et al., 
1996), consistent with the CD data on the reduced chicken CMPcc 
in this study. Finally, we have synthesized a peptide containing 
residues K16 to K41  of chicken CMPcc (with blocked C-and N- 
termini). Analytical ultracentrifugation studies of this peptide, which 
includes the entire subset of residues that are protected from sol- 
vent exchange in the reduced protein, indicate that it forms a 
mixture of trimers and higher order oligomers. The second heptad 
repeat of CMPcc contains a Gln residue in its a position. Coiled- 
coil trimers show enrichment for Gln residues in the  first position 
of heptad repeats when compared to dimers (Woolfson & Alber, 
1995), and it has been suggested that Gln residues in a positions 
may specify trimeric over dimeric oligomerization states (Gonza- 
lez et  al., 1996). In spite of the high flexibility observed for resi- 
dues  V17 to I10 in reduced CMPcc, Q14 or other residues in this 
sequence appear to play a role in the specificity of trimer formation. 

Discussion 

The C-terminal domain of CMP forms a trimeric coiled coil in 
which the a-helical  chains  are covalently linked by disulfide bonds 
between residues C5 and C7. NMR data indicate magnetically 
equivalent environments  for each of the  CMPcc monomers. This 
indicates a parallel structure, with a threefold symmetry axis per- 
pendicular to the  long  axis of the  coiled coil. NOE, chemical shift, 
3 . f ~ ~ ~ ,  coupling constant, and hydrogen exchange data suggest 
that a-helix secondary structure of the monomers extends from 
about residue K8 to N40. The threefold symmetry of the trimer is 
maintained when the inter-chain disulfide bonds are reduced by a 
10-fold molar excess of DTT. Comparison of hydrogen exchange 
rates in reduced and oxidized CMPcc suggest that the inter-chain 
disulfide bonds have a role in restricting the flexibility of the 
coiled coil. 

Coiled-coil domains in extracellular  proteins  are  frequently 
flanked by pairs of closely spaced cysteines that form inter-chain 
disulfide bonds (Kammerer, 1997). The observation that these oc- 
cur at the N- or C-terminal ends of coiled coil  domains may reflect 
that inter-chain disulfide bonds cannot be easily accommodated in 
a regular coiled  coil structure. To examine whether inter-chain 
disulfide bonds with the Cf-X,-C, spacing found in CMPcc are 
compatible with a trimeric coiled-coil structure, we modeled two 
cysteine residues in thef(S14) and a (116) positions of the X-ray 
structure of GCN4-PII (Harbury et al., 1994). Assuming a regular 
coiled  coil structure (4 = -60", + = -40"), the x 1  dihedral 
angles of the two  cysteines  are the only free variables that affect 
the distance between the Sy atoms from neighboring chains. 5 p -  
ical distances for Sy atoms in disulfide bonds are of the order of 
2.0 A. The minimum Sy-Sy distance  as a function of the two x 1  
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dihedral angles in this modeling experiment, however, was closer structure in CMPcc  does not extend upstream of residue K8. In this 
to 9.0 A. This suggests that the interchain disulfide bonds of CMPcc regard, it is interesting to note that residues P4 and D3 immediately 
are incompatible with a trimeric coiled coil structure, an obser-va- upstream of the disulfide bonds between C5 and C7, afford a very 
tion consistent with the NMR data that indicates that a-helical strong a-helix N-cap signal (Richardson & Richardson, 1988). 
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Fig. 9. Far-UV CD spectra of oxidized CMPcc (thick line) and reduced 
NEM-CMPcc (dashed line). The spectra were recorded at a temperature of 
50°C and contained 6.8 pM CMPcc and 5.4 p M  NEM-CMPcc trimer, 
respectively, in 5 mM Na2HP04 buffer supplemented with 150 mM  NaC1, 
pH 7.4. 

The inter-chain disulfide crosslinks stabilize the coiled-coil struc- 
ture of CMPcc. Estimates of the stability to unfolding can be 
obtained from  the hydrogen exchange  data for reduced and oxi- 
dized CMPcc.  Under EX2 conditions,  the rate of hydrogen ex- 
change k, is given by the product of the equilibrium constant 
Kop = [open]/[closed] and the intrinsic exchange rate k,,,: 

where "open" and "closed" refer to exchange susceptible and ex- 
change resistant (e.g., hydrogen bonded) conformations, respec- 
tively. The intrinsic rate kin, for hydrogen exchange in an unstructured 
conformation depends  on a number of factors such as temperature, 
pH, and sequence effects;  and  can be estimated from model pep- 
tides (Bai  et al., 1993). The protection factor ( P f )  values in Fig- 
ure 7 represent hydrogen exchange  rates normalized for intrinsic 
rates, and  are related to Kc,p by 

The largest protection factors observed  in Figure 7 should reflect 
hydrogen exchange by a global unfolding mechanism, with Kop = 
Kunfolding (Bai  et al., 1995). For the oxidized protein the highest Pf 
values are  in the range between 40,000 and 70,000. From AG,, = 
-RT In Kc)p it is possible to calculate a value for 7.0 2 0.1 kcal/ 
mol for the free energy of unfolding of the oxidized protein at a 
temperature of 50 "C. For the reduced protein the highest Pf values 
are in the range between 6,000 and  13,000 corresponding to a AG, 
of 5.8 ? 0.3 kcal/mol. We can  thus  estimate that the inter-chain 
disulfide  bonds between C5 and C7 stabilize CMPcc by about 1 
kcal/mol under the  conditions of the present study: 2.6 mM pro- 
tein, pH 6,  and 50°C. Both the  oxidized and reduced protein are 
extremely stable. The stability of the reduced protein, however, is 
expected to  be concentration dependent  (Kammerer  et  al., 1995). A 
possible advantage conferred by the disulfide crosslinks is to abolish 
this concentration dependence of stability (Antonsson et al., 1995). 

NMR data indicate that the a-helical coiled-coil structure is 
conserved for  at  least residues I21 to N40 in the reduced protein. 

An NMR analysis of residues upstream of E18 in the reduced 
protein is made difficult by extremely rapid hydrogen exchange 
that quenches the intensity of amide proton resonances from this 
region of the protein. CD and chemical shift data, however, sug- 
gest similar contents of a-helical structure for the oxidized and 
reduced proteins. The  lack of protection from solvent exchange 
observed for residues I10 through V17 in the reduced protein is 
more likely to reflect an increase in flexibility that transiently 
leaves  amide protons in this region of the protein more accessible 
to solvent, rather than an unfolding of a-helical structure upon 
reduction of the inter-chain disulfide bonds. Residues C7 to F13 of 
CMPcc  (Fig. 1) show strong deviations from the consensus se- 
quence of a heptad repeat. Position a is occupied by a cysteine, 
while positions e and g are occupied by hydrophobic valine and 
phenylalanine residues, respectively. The frequencies of these res- 
idues in their respective positions is extremely small in the data- 
base of known coiled coil sequences (Lupas  et  al., 1991; Woolfson 
& Alber, 1995). The high flexibility of the region upstream of E18 
may be inherent to the unusual sequence of the first heptad repeat. 
The inter-chain disulfide bonds may prevent transmission of this 
flexibility to the  domains upstream of the coiled coil in the intact 
CMP protein, and/or protect the coiled coil domain from proteo- 
lytic degradation. 

Materials and methods 

Sample preparation 

The  gene  for  CMPcc  was generated from an ArnpliTaq DNA poly- 
merase (Roche Molecular, Bradford NY) extension of two syn- 
thetic 75-mer oligonucleotides, that contained a complementary 
3"overhang of 21 nucleotides: 5"GAAGAAGATCCGTGCGAA 
TGCAAAAGCATCGTGAAATTCCAGACCAAAGTGGAAGAA 
CTGATCAACACCCTGCAG-3' and 5"GATGATTTTGTTTTCC 
AGCGCTTCGATACGTTTCGCCACCGCTTCCAGTTTCTGCT 
GCAGGGTGTTGATCAGTTC-3'. Oligonucleotide sequences were 
based on  the codon usage for highly expressed genes in enteric 
bacteria  (Gribskov et ai., 1984).  Additional PCR primers 5'-  

GGATCCTAGATGATTTTGTTTTCCAGCGC-3' were used to 
insert a Nde I site at the 5' end, and a BamH I site and TAG stop 
codon at the 3' end, respectively. The amplified product was li- 
gated into the Nde I-BamH I sites of the PET-15b expression vector 
(Novagen, Madison, WI). Recombinant insert DNA was verified 
by Sanger dideoxy sequencing. The sequence of the resulting CMPcc 
protein used in this study contains the four "foreign" residues 
GSHM  at its N-terminus due  to the thrombin cleavage site, and the 
Nde I restriction site. These residues are designated G(-4) to 
M(- 1) in our numbering scheme, to emphasize that only residue 
E l  to I43 correspond to the true CMPcc domain. While amide 
proton resonances were not observed for these first four "foreign" 
residues (Fig. 3A), 3D HCCH-TOCSY data enabled some of the 
aliphatic proton and carbon spin-systems to be assigned in the case 
of the oxidized protein (Table 1). 

E. coli BL21(DE3) host strain (Novagen), which has the gene 
for bacteriophage 'IT RNA polymerase integrated into its chromo- 
some (Studier et al., 1990), was used for all expression experi- 
ments. Isotopic labeling with I5N and I3C was carried out at 37 "C 
in modified New Minimal Medium (Budisa  et al., 1995): 55 mM 

CCTCCCATATGGAAGAAGATCCGTGCGAATG-3' and 5"CCC 
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KHpPO4,lOO mM K2HPO4,lO mM Na2S04,  20 mM NH&I (I4N 
or  I5N);  16 mM glucose (I2C or I3C), 1 mM MgS04, 1 mgJL 
Ca2+, 1 mgJL Fe2+, 1 pgJL  Cup+, 1 pg/L  Mn2+, 1 pgJL  Zn2+, 
1 pLg/L Mn042-,  10  mg/L thiamine, 10 mgJL biotin, supple- 
mented with 100 pgJmL ampicillin. For  the production of un- 
labeled  CMPcc,  bacteria  were  grown at 37°C in LB medium 
containing 100 pgJmL ampicillin. Cells were induced with 1 mM 
IPTG after growth to an OD6oo  of 0.8, and incubated for a further 
12 h. 

Purification of 6xHis-tagged protein by affinity chromatography 
on Ni'+-S-sepharose (Novagen) was performed under denaturing 
conditions as described in the  manufacturer's instructions. The 
6xHis-tag  was removed by proteolytic cleavage for 4 h at room 
temperature using a concentration of five units of human thrombin 
per 1 mg of His-tagged  protein,  in thrombin cleavage  buffer 
(20 mM Tris-HCI pH 8.4, 150 mM NaCI, 2.5 mM CaCI2).  The 
identity of the protein was confirmed by nine cycles of N-terminal 
protein sequencing and  amino acid composition analysis. Reduced 
NEM-CMPcc was prepared according to previously published meth- 
ods  (Kammerer  et al., 1995). 

NMR spectroscopy 

NMR spectra  were acquired on a Varian UNITY+ 600 MHz spec- 
trometer, with the probe thermostated at 50°C. The experiments 
employed were 2D NOESY; 2D TOCSY ; 2D  'H-l5N HSQC; 3D 
'H-"N-NOESY-HSQC; 3D 'H-"N TOCSY-HSQC; 3D  HNCA; 
3D HCCH-TOCSY; 3D HNHA; 3D HNHB. A 4 mM CMPCC 
sample (pH = 5.5) was used for homonuclear 2D spectra (NOESY, 
TOCSY). ISN-separated  experiments (HSQC, NOESY-HSQC, 
TOCSY-HSQC, HNHA, HNHB) were recorded on a 3 mM sample 
of uniformly I5N-labeled CMPcc (pH = 6.0). A 1 mM sample of 
uniformly '5N/'3C-double labeled CMPcc (pH = 5.7) was used 
for 3D HNCA and HCCH-TOCSY experiments. Unless indicated, 
all samples were dissolved in  90% H20/10%  D20, containing 
150 mM NaCl. 

Mixing times of 100  ms were used for all NOE experiments. 2D 
TOCSY, 3D 'H-l5N TOCSY-HSQC, and 3D HCCH-TOCSY ex- 
periments employed isotropic mixing times of 60,  40, and 24 ms, 
respectively, achieved by use of a DIPSI-2 sequence (Shaka  et  al., 
1988). In the 3D HNCA experiment the I3C transmitter power was 
optimized for a B I field of 5.2 kHz to selectively excite the a-carbon 
resonances. In the HCCH-TOCSY experiment, a B1 field of 8.9 
kHz was necessary to obtain a uniform excitation of all aliphatic 
carbon resonances. Carbonyl decoupling in HNCA and HCCH- 
TOCSY  was achieved by a 180" pulse with a SEDUCE  shape 
profile (McCoy & Mueller, 1992), and an RF field strength of 2.0 
kHz. GARP I5N decoupling  (Shaka  et al., 1985) during acquisition 
was  applied  for all heteronuclear  experiments,  except HCCH- 
TOCSY where a WALTZ-16 pulse sequence (Shaka et al., 1983) 
was used for 13C decoupling. Frequency discrimination in indirect 
dimensions  was achieved  using TPPI-STATES phase  cycling 
(Marion  et al., 1989). A low-power presaturation pulse during the 
recycling delay of 1.2 s was used for solvent suppression in the 2D 
NOESY and TOCSY  experiments,  and  in the 3D HNHA experi- 
ment. All other experiments employed pulse field gradients (Kay, 
1995)  for  solvent suppression (Bax & Pochapsky, 1992), and  co- 
herence selection (Davis  et al., 1992). Pulse field gradient spectra 
were processed by the method of Kay et al. (1992). An internal 
DSS standard was used for spectral referencing of proton signals. 

I5N and I3C reference frequencies were calculated from the 'H 
frequency of DSS  in water, as described by Wishart et  al. (1995b). 

A series of 'H-I5N gradient enhanced  HSQC  spectra were col- 
lected to follow the titration of a 1 mM 'SN-labeled sample of 
CMPcc with 0, 1, 2 ,4 ,  8, 16, and 32 mM DTT. Resonances from 
the native protein decreased and resonances from  the reduced pro- 
tein increased, with increasing concentration of DTT. This obser- 
vation indicates slow exchange between the two forms of the protein 
on the chemical shift time scale. The approximate midpoint of the 
transition occurred at a 4:3 molar ratio of DTT per CMPcc mono- 
mer.  At a molar ratio of 16:3, native protein resonances were no 
longer detectable; higher concentrations of DTT produced no fur- 
ther changes in the protein's NMR spectrum. NMR assignments of 
reduced CMPcc were obtained for a 1 mM I5N-labeled sample of 
CMPcc trimer containing a 10-fold molar excess of DTT  (32 mM) 
per monomer of CMPcc,  at a pH value of 5.8. 3D "N-separated 
TOCSY-HSQC and NOESY-HSQC spectra were collected as de- 
scribed for the native protein, with modifications to circumvent the 
decreased dispersion in the reduced protein. A reduced "N spec- 
tral width of 1000 Hz was used in order to optimize resolution by 
folding of well-dispersed amide protons. The number of incre- 
ments in the I5N dimension was reduced to 13 for the 3D NOESY- 
HSQC, and to 16  for the 3D TOCSY-HSQC experiment. 

Hydrogen  exchange 

Hydrogen exchange rates were obtained at a temperature of 50 "C 
for two separate 2.6 mM samples of "N-labeled CMPcc: one 
without DTT, the second with a eightfold molar excess of DTT 
(64 mM) per CMPcc monomer. The  pH values of the samples 
measured after completion of the experiments were 6.2 for the 
sample without DTT, and 5.8 for the sample containing DTT. 
Hydrogen exchange was initiated at a temperature of 20°C by 
dissolving freshly lyophilized samples of CMPcc in 0.3  mL of 
99.99% D20,  or in a D 2 0  solution containing DTT. The samples 
were taken up in a micro-cell NMR tube (Shigemi), and inserted 
into the NMR probe that was pre-equilibrated to a temperature of 
50 "C. The five-minute period between dissolution of the protein in 
D 2 0  and transfer to the NMR probe was not considered in calcu- 
lating exchange rates, with the assumption that exchange  at 20°C 
is negligible compared to that at 50 "C. After inserting the sample 
in the NMR probe, a coarse optimization of the 21-23 shims was 
performed, and 'H-I5N gradient-HSQC spectra (Kay  et al., 1992) 
were acquired as a function of time. HSQC spectra were acquired 
with 2,048 complex points in the ' H  dimension and 100 complex 
points in the I5N dimension. A total of 22 HSQC spectra were 
collected over a period of 3 h for the protein in the presence of 
DTT. For the oxidized protein 38 HSQC spectra were collected 
over a period of 18 h. Experimental dead-times were 10 min and 
7 min for the oxidized and the reduced protein, respectively. 

The intensity maximum of each crosspeak in the HSQC spec- 
trum was measured as a function of exchange time, defined as the 
period from the insertion of the sample into the NMR probe to the 
end of each HSQC experiment. Rate constants for exchange were 
obtained from a non-linear least-squares fit of the exponential 
decay data to the equation (Bai  et al., 1993): 

I = I,exp(-kohst) + C 

with the initial intensity I,, the baseline C, and the observed ex- 
change rate kobs as free variables in the fit. Protection factors were 
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calculated from the observed exchange rates, and the intrinsic rates 
of Bai et al. (1993). 
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