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Abstract The pKa values of eight glutamic acid residues in the
homotrimeric coiled coil domain of chicken matrilin-1 have been
determined from 2D H(CA)CO NMR spectra recorded as a
function of the solution pH. The pKa values span a range between
4.0 and 4.7, close to or above those for glutamic acid residues in
unstructured polypeptides. These results suggest only small
favorable contributions to the stability of the coiled coil from
the ionization of its acidic residues.
z 1999 Federation of European Biochemical Societies.
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1. Introduction

The coiled coil is an oligomeric protein folding motif con-
sisting of two to ¢ve amphipatic K-helices associated into a
left-handed superhelix [1^3]. The amino acid sequences of
coiled coils are arranged in distinctive (abcdefg)n heptad re-
peats [2^4]. Positions a and d are preferentially occupied by
non-polar residues which form a hydrophobic core. The re-
maining positions are usually hydrophilic. Sites e and g are
often occupied by charged residues. While the aliphatic por-
tions of these residues participate to some extent to the hydro-
phobic core, their charged side chain groups have the poten-
tial to form interhelical i+5P ion pairs (e.g. between residue g
on chain 1, and residue eP on chain 2) [5,6,9]. Additional ion
pairs within the K-helix monomers, can form between oppo-
sitely charged residues separated by an i+3 or i+4 sequence
spacing [6,7]. Electrostatic interactions have the potential to
modulate the stability, as well as the oligomerization state
speci¢city of coiled coils [6,8^11].

The C-terminal domain of matrilin-1 (also named cartilage
matrix protein) forms a stable (Tm s 100³C), disul¢de-linked,
homotrimeric coiled coil [12,13]. The amino acid sequence of
the coiled coil domain from the chicken protein (CMPcc) is
shown in Fig. 1. Three pairs of oppositely charged residues
(Lys-16-Glu-19, Glu-29-Lys-33, Lys-33-Glu-36) have an i+3
or i+4 sequence spacing and have the potential to participate
in intrahelical ion pairs [6,7]. A possible interhelical i+5P ion
pair could form between Arg-34 in a g position, and Glu-39 in
the eP position of the following heptad [5,6]. The solution

structure of CMPcc has recently been solved by NMR [14].
The K-helix monomers of the coiled coil run from Ser-9 to Ile-
43 and are capped at their N-termini by a ring of three inter-
chain disul¢de bonds (formed between Cys-5 and Cys-7P). The
N-terminal residues upstream of Cys-5 are disordered and
extend away from the long axis of the coiled coil [14]. The
K-helix monomers are associated through an extensive hydro-
phobic interface formed by the `knobs-into-holes' packing of a
and d layers from neighboring polypeptide chains. The back-
bone, together with the side chains of the hydrophobic core
residues are precisely de¢ned in the NMR structures. The side
chains of charged residues which are all surface exposed, how-
ever, are relatively poorly de¢ned. Using the criterion of a
distance shorter than 4.0 Aî between the side chain nitrogen
and oxygen atoms of oppositely charged residues [15], we
examined the ensemble of 20 lowest energy NMR structures
for possible ion pairs. Based on the NMR structures, if any
ion pairs exist in CMPcc, they are only fractionally populated.
The pairs Lys-16-Glu-19 and Glu-29-Lys-33 meet the 4.0 Aî

cut-o¡ in 10 and 20% of the structures, respectively. An in-
terchain Arg-34-Glu-39 contact is present in 20% of the struc-
tures. When all of the remaining oppositely charged residues
in the protein are considered, none comes within ion pairing
distance in more than 10% of the NMR structures. Although
this analysis suggests that the propensity for ion pair forma-
tion in CMPcc is weak, the lack of uniquely de¢ned ion pairs
could be a consequence of the low structural precision for
surface side chains in the NMR structures [14].

More direct information on electrostatic interactions and
on their contributions to protein stability can be obtained
from NMR measurements of residue-speci¢c pKa values.
The pKa value of an ionizable group in a protein may be
shifted from its intrinsic value by its environment. Factors
which contribute to pKa shifts include attractive and repulsive
electrostatic interactions with other charged groups, hydrogen
bonding interactions and solvent exposure. By thermodynam-
ic linkage it is possible to relate the pKa shift to the contri-
bution from the ionization of a titratable group to the change
in Gibbs free energy upon folding [9,11,16,17]. For example, a
negatively charged group that makes a favorable contribution
to the protein stability will have its pKa shifted to a lower
value in the folded compared to the unfolded state. Con-
versely, a negatively charged group that destabilizes the folded
state will have a raised pKa in the folded compared to the
unfolded state [9,16]. Here we report NMR-derived pKa val-
ues for the eight glutamates in CMPcc, at 50³C and at a
physiological ionic strength of 150 mM NaCl, and assess
the contributions made by the ionization of these residues
to the stability of the coiled coil.
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2. Materials and methods

Uniformly 13C-labelled recombinant chicken CMPcc was expressed
as a 6UHis-tagged protein in Escherichia coli and puri¢ed by a¤nity
chromatography on Ni2�-Sepharose [13]. The 6UHis-tag was re-
moved by thrombin cleavage. As in previous studies [13,14], the re-
combinant CMPcc protein used in this work contains the four extra-
neous N-terminal residues GSHM. These residues are disordered
based on NMR data [13,14] and are not included in the numbering
scheme of this paper.

NMR spectra were obtained on a Bruker Avance spectrometer
operating at 600 MHz. A temperature of 50³C was used for all meas-
urements to allow comparisons with previous work [13,14]. All sam-
ples were dissolved in D2O. The pH dependence of Glu HQ and CN
resonances were measured for samples containing 0.3 mM CMPcc
trimer and 150 mM NaCl, by using a 2D H(CA)CO version of the
3D HCACO experiment [18], modi¢ed to optimize the detection of
coupling between adjacent 13CL/Q and 13CO side chain resonances
[19]. Frequency discrimination in g1 was achieved with the TPPI
method. Hard, o¡ resonance phase modulated squared pulses
(square-128) and sin(x)/x-shaped pulses were used for the excitation
of 1H, 13CL/Q and 13CO nuclei, respectively. The 1H dimension was
acquired with a spectral width of 4810 Hz digitized into 512 complex
points. Spectral widths for the 13CO dimension were 1210 Hz (64
complex points), 1810 Hz (128 complex points) or 2716 Hz (256 com-
plex points). In some experiments the non-titrating Asn CQ and Gln
CN resonances were folded into the spectrum in order to optimize the
resolution of the Glu CN resonances. The titration of the CMPcc Arg-
34 Cj resonance was monitored using 1D 13C experiments recorded
with 16 384 complex points and spectral widths of 30 303 Hz. The pKa

value of V40 mM N-acetyl-glutamic acid K-methyl ester (Ac-
GluOMe: Bachem, Switzerland) was determined from the titration
of the molecule's down¢eld Glu HQ resonance (2.245 ppm at pH
7.2) in 1D 1H spectra recorded as a function of pH.

Sample pH adjustments were made with 0.5^1.0 Wl aliquots of 1 M
DCl and NaOD stock solutions. Samples, stock solutions, pH cali-
bration bu¡ers and the pH electrode immersed in KCl, were kept in a
50³C constant temperature bath between NMR experiments. The
sample pH was measured before and after each NMR experiment,
following equilibration to 50³C for 5^10 min. In the pH range 1.8^
7.4, the di¡erences between the two readings were in the order of 0.05
pH U and the pH value was taken as the average of the two measure-
ments. For the two most basic pH points, the di¡erences between the
two measurements were 0.2 pH U and the second reading was con-
sidered more accurate. All reported pH values are uncorrected for the
deuterium isotope e¡ect on pKa (V0.4 U), which is approximately
equal and opposite in sign to the deuterium isotope e¡ect on the pH
electrode [20]. Note that all of the pKa values considered in this work
are for D2O solutions, making it unnecessary to correct for the iso-
tope e¡ect in comparisons between the pKa values of folded CMPcc
and models of the unfolded state of the protein.

1H chemical shifts were referenced to internal DSS. 13C chemical
shifts were referenced indirectly assuming a 13C/1H frequency ratio of
0.251449530 [21]. The four parameters pKa (apparent ionization con-
stant), Nlow (low pH chemical shift plateau), Nhigh (high pH plateau),
and n (Hill coe¤cient) were determined from non-linear least squares
¢ts of the chemical shift (N) data as a function of pH, to the modi¢ed
Henderson-Hasselbach equation [20,22]:

N � Nlow3
Nlow3Nhigh

1� 10n�pKa3pH� �1�

The midpoints of the transitions were independent of their slopes.
Thus the pKa's obtained from the 13C chemical shift data, di¡ered
by less than 0.06 pH U between ¢ts where n was treated as a free
variable and ¢ts in which the value of n was ¢xed to unity.

3. Results

Fig. 2 shows a 2D H(CA)CO spectrum of CMPcc at pH
5.6. The 2D H(CA)CO experiment correlates backbone and
side chain carbonyl and carboxyl carbons with immediately
adjacent protons [18,19]. For the present work, the experiment
was optimized for the detection of side chain correlations

(HL-CQ of Asp and Asn: HQ-CN of Glu and Gln) by placing
the carrier frequency for the 13CL/Q nuclei at 38 ppm. As the
excitation pro¢le is not completely selective, most of the pro-
tein's backbone HK-CP correlations are also observed in the
spectrum (Fig. 2A), albeit at a lower intensity than when the
carrier frequency is placed in the middle of the CK region (56
ppm). Due to the large chemical shift di¡erences between the
HK and HL/HQ resonances (Fig. 2A), the backbone correla-
tions do not interfere with the side chain correlations. Indeed,
the backbone HK-CP correlations serve as useful additional
probes of the pH titrations of ionizable groups.

The K-helix monomers of CMPcc are magnetically equiva-
lent, being related by a 3-fold symmetry axis running along
the length of the parallel homotrimeric coiled coil. Conse-
quently, NMR spectra of CMPcc contain a single set of sig-
nals for each amino acid in the protein sequence [13]. The
sequence of CMPcc contains 14 residues with side chain car-
boxyl or carbonyl groups. It was possible to identify all of
these groups except for Asp-3 (HL1 2.88, HL2 2.62 ppm),
which occurs in a disordered N-terminal segment of the pro-
tein preceding the coiled coil. The HL protons of Asn residues
and the HQ protons of Glu and Gln residues were previously
assigned based on 3D 1H-15N TOCSY-HSQC, 3D HNHB
and 3D HCCH-TOCSY spectra, recorded on CMP samples
at pH 5.6^6.0 and a temperature of 50³C [13]. A 2D HCA-
(CO) spectrum (not shown) enabled us to connect the Asn HL
resonances and the Gln HQ resonances with the correspond-
ing, previously assigned CL and CQ resonances. The CQ reso-
nances of the eight Glu residues, however, span a very narrow
range of chemical shifts between 36.6 and 37.9 ppm [13] and
were completely unresolved in the HCA(CO) spectrum.
Nevertheless, each of the eight Glu residues has at least one
unique HQ chemical shift, which made it possible to link the
previously assigned HQ resonances with the corresponding re-
solved CN resonances in the 2D H(CA)CO spectrum (Fig. 2B).

On lowering the pH from 6 to 2, the Glu CN resonances
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Fig. 1. The sequence of the coiled coil domain of chicken matrilin-1
(residues 451^492). The positions of the ¢ve heptad repeats are indi-
cated by roman numerals to the right of the ¢gure. Basic residues
are shown in bold, acidic residues in white letters. Possible intra-
chain ion pairs (based on an i+3 or i+4 sequence spacing) include
Lys-16-Glu-19, Glu-29-Lys-33, Lys-33-Glu-36. Arg-34-Glu-39P could
potentially form an i+5P (g-eP) interchain ion pair.

S.A. Dames et al./FEBS Letters 446 (1999) 75^8076



shift up¢eld as a group by about 4 ppm, while the HQ reso-
nances shift down¢eld by about 0.3 ppm. The pH dependence
of the HQ and CN resonances is similar for all Glu residues
indicating similar ionization constants. In the 2D H(CA)CO
experiment each side chain carboxyl group is de¢ned by two
(HQ,CN) and in some cases three (HQ,HQP,CN) chemical shifts.
Thus in spite of similar ionization constants and chemical
shifts, it was possible to completely characterize the pH titra-
tions for seven of the eight Glu residues (Fig. 3Table 1). Glu-
39 gives a single weak HQ-CN cross-peak (Fig. 2B), which
merges with the down¢eld HQ-CN cross-peak of Glu-19 at
pH values below 4.5. Consequently, we were unable to deter-
mine the pKa of Glu-39 based on the pH titration of its HQ-CN
cross-peak. The ionization constant of Glu-39 is of particular
interest, as a mutagenesis study of a peptide corresponding to

residues 8^43 of the human CMPcc sequence (h-CMP-C36)
suggests that Arg-34 could be involved in an electrostatic
interaction with Glu-39P in the neighboring chain [6].

We thus examined the possibility of obtaining the pKa of
Glu-39 from the titration of its backbone HK and CP chemical
shifts. The HK proton of Glu-39 resonates at 3.85 ppm [13].
The only other residue with a similar HK proton chemical
shift is Pro-4. A single cross-peak with an HK value of 3.86
is observed in the 2D H(CA)CO spectrum at pH 5.6 (Fig.
2A). The cross-peak shows an up¢eld 13C shift of 1.2 ppm
and a down¢eld 1H shift of 0.1 ppm with decreasing pH:
consistent with an assignment to the HK-CP correlation of
Glu-39. A least squares ¢t of the Glu-39 CP chemical shift
as a function of pH gives a pKa of 3.9. This pKa value is
lower than those of the other seven Glu residues in the protein
(Table 1). A pKa of 3.9, however, could also be consistent
with the titration of the C-terminus [23]. Glu-39 is separated
by four positions in the sequence from the C-terminal residue
Ile-43. The 3JHNHK coupling constants of residues Asn-40^Ile-
43 are in the range between 5 and 7 Hz, indicative of con-
formational averaging. Nevertheless, the four C-terminal res-
idues exhibit dNN(i,i+2), dKN(i,i+3) and dKN(i,i+4) NOE's,
indicative of a predominantly K-helical conformation [13]. In
an K-helix, residues separated by four positions in the se-
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Fig. 3. Titration curves for 13C resonances in CMPcc. The curves
represent non-linear least squares ¢ts of the pH titration data to
Eq. 1.

Fig. 2. 2D H(CA)CO spectrum of CMPcc in 150 mM NaCl, at pH
5.6 and 50³C. (A) Portion of the spectrum showing backbone and
side chain correlations. The spin system for Gln-14 is only visible at
lower contours. (B) Expansion of the region corresponding to the
HQ-CN correlations of Glu residues, indicated by the gray box in
(A).
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quence are in close spatial proximity. Indeed in the NMR
structures of CMPcc the average distance between the CP
carbons of Glu-39 and Ile-43 is 5.7 Aî , a value comparable
to the average distance between the backbone CP and the side
chain CN carbons of Glu-39 (6 ds = 4.9 Aî ). The C-terminal
residue Ile-43 has an HK chemical shift of 4.05. While there
are three other residues with similar HK chemical shifts in the
protein, the HK-CP cross-peak of Ile-43 can be easily distin-
guished based on its down¢eld CP chemical shift and based on
the magnitude of its chemical shift changes as a function of
pH (vN CP= 3.6 ppm, vN HK= 0.25 ppm). Ile-43 titrates with
a pKa of 3.9, a value identical to that obtained for the CP
resonance of Glu-39. Consequently we could not distinguish

if the titration of the Glu-39 CP-HK cross-peak is a function of
the ionization of the Glu-39 side chain carboxyl, the C-termi-
nus or both groups.

Assuming that Arg-34 is involved in an electrostatic inter-
action with Glu-39P, a change in the ionization state of Glu-39
would be expected to induce perturbations in the chemical
shifts of Arg-34 [24]. The Cj carbon in the guanidinium group
of Arg-34 should be particularly sensitive to pH-dependent
changes in an interaction with the carboxyl group of Glu-
39P. Arginine guanidinium carbons (Cj carbons) resonate
with highly unique chemical shifts of about 160 ppm [25].
The closest 13C resonances in proteins are Tyr C4 ring car-
bons (V157 ppm), however, CMPcc contains no tyrosines.
The next closest 13C resonances are backbone carbonyls
(starting V10 ppm down¢eld) and carbons in aromatic rings
(V20 ppm up¢eld). The sequence of CMPcc contains only
one arginine residue (Fig. 1). A single resonance is observed
in the region of the 13C spectrum of CMPcc between 142 and
168 ppm (Fig. 4). The resonance is a sharp singlet in 13C
spectra acquired without 1H decoupling (not shown), consis-
tent with a quarternary carbon. Based on its distinct chemical
shift we assign this resonance to the guanidinium (Cj) carbon
of Arg-34. The resonance titrates over a range of 0.6 ppm,
with an apparent pKa of 4.0 (Fig. 3). This value is much lower
than the typical pKa of V12 for the ionization of arginine [23]
and is within the experimental error of that obtained for the
Glu-39 CP resonance (Table 1). The Cj atom of Arg-34 has an
average distance of 6.0 Aî to the CN atom of Glu-39P from a
neighboring chain in the trimer. By contrast, an interaction
between Arg-34 and the C-terminus is extremely unlikely. The
closest intra or interchain distance between the Ile-43 CP and
Arg-34 Cj atoms is 13.7 Aî . Indeed, the chemical shift of the
CQ carbon of Asn-40, which is closer to the C-terminus
(6 ds = 8.7 Aî ), is invariant to changes in pH. Based on
the titration of the Arg-34 Cj resonance with an apparent
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Table 1
pH titration parameters for CMPcc in 150 mM NaCl, at a temperature of 50³Ca

Resonance pKa Nlow (ppm) Nhigh (ppm) n

Glu-1 CN 4.14 þ 0.02 179.09 þ 0.04 183.67 þ 0.02 0.79 þ 0.02
HQ 4.16 þ 0.05 2.52 þ 0.01 2.264 þ 0.003 0.56 þ 0.03

Glu-2 CN 4.12 þ 0.02 178.89 þ 0.04 183.65 þ 0.02 0.75 þ 0.02
HQ 4.03 þ 0.08 2.50 þ 0.01 2.197 þ 0.005 0.54 þ 0.05

Glu-6 CN 4.08 þ 0.04 178.69 þ 0.10 183.14 þ 0.04 0.73 þ 0.04
HQ 3.80 þ 0.08 2.71 þ 0.01 2.485 þ 0.003 0.57 þ 0.05

Glu-18 CN 4.71 þ 0.02 178.39 þ 0.05 182.97 þ 0.03 0.76 þ 0.03
HQ 4.85 þ 0.06 2.855 þ 0.005 2.636 þ 0.004 0.57 þ 0.04
HQP 4.87 þ 0.04 2.58 þ 0.01 2.245 þ 0.005 0.71 þ 0.05

Glu-19 CN 4.42 þ 0.02 179.00 þ 0.04 183.33 þ 0.02 0.80 þ 0.02
HQ 4.43 þ 0.03 2.78 þ 0.01 2.456 þ 0.003 0.72 þ 0.03
HQP 4.46 þ 0.03 2.60 þ 0.01 2.236 þ 0.003 0.70 þ 0.04

Glu-29 CN 4.12 þ 0.01 178.72 þ 0.03 183.03 þ 0.02 0.80 þ 0.02
HQ 4.06 þ 0.04 2.671 þ 0.005 2.443 þ 0.002 0.80 þ 0.05
HQP 4.10 þ 0.03 2.636 þ 0.004 2.348 þ 0.002 0.76 þ 0.03

Glu-36 CN 4.19 þ 0.02 178.76 þ 0.04 183.33 þ 0.02 0.79 þ 0.02
HQ 4.16 þ 0.03 2.57 þ 0.01 2.208 þ 0.003 0.74 þ 0.04
HQP 4.04 þ 0.04 2.630 þ 0.005 2.414 þ 0.002 0.75 þ 0.04

Glu-39 CP 3.91 þ 0.07 175.26 þ 0.04 176.41 þ 0.02 0.82 þ 0.08
HK 3.68 þ 0.08 3.948 þ 0.005 3.869 þ 0.002 1.25 þ 0.24

C-term CP 3.91 þ 0.03 175.44 þ 0.06 179.02 þ 0.03 0.91 þ 0.05
HK 3.88 þ 0.02 4.254 þ 0.003 4.007 þ 0.001 0.85 þ 0.03

Arg-34 Cjb 4.02 þ 0.05 157.85 þ 0.02 158.46 þ 0.01 0.89 þ 0.09
aThe titration parameters summarized in this table provide NMR assignment information for the respective resonances over the entire pH range
investigated in this work. The pKa values of Glu residues, however, are more accurately re£ected by the 13C data because the magnitudes of pH-
dependent chemical shift changes are greater for 13C than for 1H resonances.
bFrom 1D 13C spectra recorded as a function of pH.

Table 2
pKa and standard vvGtitr values for glutamic acid residues in
CMPcc, at a temperature of 50³Ca

Residue pKa vvGtitr (kcal/mol)b

Glu-1 4.14 0.0
Glu-2 4.12 0.0
Glu-6 4.08 30.1
Glu-18 4.71 0.8
Glu-19 4.42 0.4
Glu-29 4.12 0.0
Glu-36 4.19 0.1
Glu-39c 4.02 30.2
aExperimental uncertainties in the reported pKa and vvGtitr values are
estimated to be þ 0.05 pH U and þ 0.1 kcal/mol, respectively.
bContributions from the ionization of acidic residues to the change in
free energy of folding per CMPcc monomer, calculated assuming a
value of 4.15 þ 0.05 for the pKa values of glutamates in unfolded
CMPcc. Alternatively, if the pKa values of glutamates in unfolded
CMPcc are modeled according to the pKa of AcGluOMe (4.33
þ 0.01, at 50³C in a D2O solution containing 150 mM NaCl), the
vvGtitr values are shifted by 30.3 kcal/mol.
cFrom the apparent pKa of the Arg-34 Cj resonance. All other pKa

values are from the titration curves of the respective Glu CN resonan-
ces (Table 1).
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pKa of 4.0 (Fig. 4), we conclude that Arg-34 interacts weakly
with Glu-39P in the neighboring chain and that the apparent
pKa of the Arg-34 Cj resonance re£ects the ionization con-
stant for the side chain carboxyl group of Glu-39P.

4. Discussion

The energetic contributions to protein stability from the
titration of individual acidic groups can be expressed as
[9,11]:

vvGtitr � 32:303RT��pKa;U3pKa;F� �2�

where pKa;F and pKa;U are the ionization constants in the
folded and unfolded forms of the protein, respectively [9,11].
The Glu moiety in the blocked model compound AcGluOMe
titrates with a pKa of 4.33 under the solution conditions used
to study CMPcc. This value is about 0.2 pH U higher than the
pKa values of Glu residues in CMPcc which are not expected
to be involved in electrostatic interactions: for example, Glu-1
and Glu-2 which are in the unstructured [13,14] N-terminal
segment of the protein. It has been suggested that the pKa

values for acidic residues in unfolded proteins are slightly

lower than those in isolated blocked amino acids or short
peptides [26], re£ecting di¡erences between the dielectric con-
stants of an unfolded polypeptide and water. Thus the pKa

values for Glu-20 and Glu-22 in the unfolded form of GCN4-
p1 at 25³C and 150 mM NaCl are 4.20 þ 0.05 and 4.13 þ 0.05,
respectively [9]. These values closely match those obtained in
the present study for Glu-1 and Glu-2, two residues which are
in an unstructured segment of CMPcc. We thus conclude that
a pKa value of V4.15 þ 0.05 is more akin to that of a Glu
residue in an unfolded protein, than the value of 4.33 ob-
tained from the AcGluOMe model compound. vvGtitr values
for CMPcc, calculated from Eq. 2 with the assumption of an
unfolded state pKa;U of 4.15 þ 0.05, are listed in Table 2. The n
values which pertain to the cooperativities of the ionization
reactions are summarized in Table 1. NMR pH titration
curves almost invariably give n = 1 [20]. An n value lower
than unity implies negative cooperativity [20,23]. The n values
obtained from the 13C data for CMPcc are usually larger than
those obtained from the 1H data, even when the values per-
tain to the same residue (e.g. Glu-1 in Table 1). The only clear
distinction between the 1H and 13C data is that the 1H reso-
nances span a smaller e¡ective range of chemical shifts as a
function of pH. In this regard, it is worth noting that the n
value obtained for AcGluOMe is also lower than unity
(0.92 þ 0.02), even though the molecule contains a single ion-
izable group. These observations suggest that n values deter-
mined from NMR are subject to systematic errors which are
not re£ected in the precision of the ¢ts of the pH titration
data to Eq. 1. Nevertheless, the n values in Table 1 are close
to unity and indicate that the ionization of charged groups
related by the 3-fold symmetry of CMPcc is non-cooperative,
or slightly anticooperative. As such, the vvGtitr values in Ta-
ble 2 pertain to di¡erences in free energies per mole of CMPcc
monomers. To obtain the corresponding values expressed per
mole of CMPcc trimer, the vvGtitr values in Table 2 should be
multiplied by a factor of three.

Results on the roles of electrostatic interactions in coiled
coils do not easily lend themselves to generalization [6,9^
11,27^29]. The strengths of charge-charge interactions depend
on the e¡ective dielectric constants [23]. Thus salt screening of
electrostatic charges, speci¢c ion binding and the degree of
solvent exposure of charged residues, can have complex e¡ects
on electrostatic interactions [27,28]. With the exception of the
present work, NMR determination of site-speci¢c pKa values
in coiled coils has been limited to residues Glu-20 and Glu-22
of the GCN4-p1 dimer [9]. Although both glutamates form
interhelical salt bridges in the X-ray structure of GCN4-p1,
neither makes a favorable contribution to the stability of the
protein compared to the corresponding neutral glutamic acid
forms [9]. By contrast, mutagenesis and protein design experi-
ments have often suggested key roles for electrostatic interac-
tions [6,10,28,29]. The energetic consequences of the addition
or deletion of charged residues, however, can extend beyond
changes in electrostatic interactions [9,16,28]. A peptide cor-
responding to residues 8^43 of human CMPcc (h-CMP-C36)
illustrates this point. Substitution of the residue corresponding
to Glu-39 in CMPcc to a glutamine, results in a h-CMP-C36
peptide that forms a tetramer at neutral pH but reverts to a
trimeric state below pH 3.0 or above pH 11.5 [6]. By contrast,
the wild-type h-CMP-C36 peptide maintains a trimeric oligo-
merization state throughout the entire pH range studied [6].
The latter observation suggests that new electrostatic interac-
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Fig. 4. Selected 1D 13C spectra of CMPcc showing the titration of
the Arg-34 Cj resonance (expansion in inset). The group of reso-
nances that titrates from V183 ppm at high pH to V178 ppm at
low pH are the CN carboxyl carbons of Glu residues. The non-ti-
trating resonances between V170 and V180 ppm are from back-
bone and side chain carbonyls.
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tions are formed in the tetramer [6], which are absent in the
trimer.

The growing number of coiled coil structures, together with
studies on model peptides, provide a data base for the types of
electrostatic interactions that can occur in coiled coils. At
present, however, it would seem extremely di¤cult to predict
electrostatic interactions from the amino acid sequence. Thus
potential ion pairs are not always formed in coiled coil struc-
tures [11] and even when detected in high resolution X-ray
structures, their presence is not necessarily concomitant with
a favorable contribution to the stability [9]. In CMPcc, Glu-18
and Glu-19 have raised pKa values implying that the charged
forms of these residues destabilize the native state by 0.8 þ 0.1
and 0.4 þ 0.1 kcal/mol, respectively. The raised pKa values
may be due to the high density of six negative charges that
results when the two Glu residues adjacent in the sequence,
are brought into spatial proximity by the parallel coiled coil
trimer structure. Consistent with some previous studies on
coiled coils [9,11], the most pronounced electrostatic contribu-
tions to the stability of CMPcc are unfavorable. Of the four
possible ion pairs predicted from the amino acid sequence of
CMPcc (Fig. 1), the only one supported by the pKa data is
between Arg-34 and Glu-39P on a neighboring chain. The
ionization of Glu-39 makes a modest favorable contribution
to the free energy of folding of 30.2 þ 0.1 kcal/mol of CMPcc
monomer, or 30.6 þ 0.3 kcal/mol of CMPcc trimer. By the
way of comparison, the stability of CMPcc to unfolding at
pH 6.2, where all of the acidic groups in the protein are
charged, is estimated to be 37.0 kcal/mol of CMPcc trimer
[13]. The pKa values of Glu-29 and Glu-36 are unperturbed, in
spite of the potential for either residue to form an intrachain
ion pair with Lys-33. The pKa of Glu-19 is raised, presumably
because repulsive interactions predominate over a potentially
attractive interchain electrostatic interaction with Lys-16.

To summarize, the present work suggests that with the ex-
ception of the amelioration of unfavorable electrostatic terms
for Glu-18 and Glu-19, neutralization of negative charges ac-
counts for only small e¡ects on the stability of the CMPcc
coiled coil. The pKa values for acidic residues and hence the
contributions of negative charges to the stability of the coiled
coil, are not easily anticipated from the protein's amino acid
sequence. An assessment of the role of charge interactions in
determining the oligomerization state speci¢city presents an
even more formidable challenge, as the electrostatic properties
of two distinct conformations (e.g. dimer, trimer) need to be
considered.
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