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1. Introduction

Numerous narrow individual-carbon resonances*
have been observed in the aromatic region of natural-
abundance '3C NMR spectra of small native proteins
[1—4]. In contrast, few of the aliphatic and carbonyl
carbons have yielded resolved individual-carbon
resonances, even at a magnetic field strength as high
as 63 kG [5—7]. In the case of the carbonyl groups,
individual-carbon resonances of some carboxylate
groups (of hen egg-white lysozyme) and of N-terminal
glycine residues (of horse myoglobin and of the
v-chains of human fetal hemoglobin) have been
observed at the downfield edge [7] and upfield edge
[3,8], respectively, of the carbonyl region of the
spectrum. In this report we show that natural-
abundance '3C NMR spectroscopy can be used for
measuring the pK, values of N-terminal glycine resi-
dues of proteins. We report the pK, value of Gly-1
of horse cyanoferrimyoglobin. With the use of much
higher magnetic field strengths than our 14.2 kG, it
should be possible to determine pK, values of
N-terminal residues other than glycine.

2. Materials and methods

The preparation of samples has been described

Abbreviation: Me,Si, tetramethylsilane

* We use the term ‘individual-carbon resonance’ to designate
a peak that arises either from a single carbon of a protein
or from two or more equivalent carbons (such as the two
&-carbons of a phenylalanine residue which is undergoing
fast internal rotation about the C6—CY bond)
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[9]. '3C NMR Spectra were obtained at 15.18 MHz,
essentially as already described [9]. Chemical shifts,
reported in parts per million downfield from the '3C
resonance of Me4Si, were measured digitally with
respect to a trace of internal dioxane (at 67.86 ppm).
Estimated accuracy is 0.1 ppm.

3. Results and discussion

Figure 1 shows the effect of pH on the carbonyl
region of the proton-decoupled natural-abundance
13C NMR spectrum of horse cyanoferrimyoglobin
(in H,0, 0.1 M KCl, 39°C). At pH values lower than
about 7.5, the carbonyl resonance of Gly-1 is situated
upfield of all other carbonyl resonances of myoglobins
[3], so that its titration behavior can be readily
followed. Above pH 7.5, this resonance merges with
the main carbonyl bands, and becomes relatively
difficult to identify (fig.1). Nevertheless, with an
appropriate choice of numerous pH values, it is
possible to follow the complete titration of the
carbonyl resonance of Gly-1, even at our low magnetic
field strength of 14.2 kG (figs 1 and 2). Application
of the usual Henderson-Hasselbalch treatment to the
experimental chemical shifts of horse cyanoferri-
myoglobin (given in fig.2) yields a pK, of 7.81 £ 0.05.
The limiting chemical shifts at low and high pH are
167.9 ppm and 176.2 ppm, respectively. These values
are similar to those reported for Gly-1 of small pep-
tides [10] and of a modified sperm-whale ferrimyo-
globin in which Val-1 was replaced by a '*C-enriched
glycine residue [11].

We also examined the titration behavior of the
carbonyl resonance of Gly-1 of horse ferrimyoglobin
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(in the pH range 5.1-7.7) and'kangaroo cyanoferri-
myoglobin (in the pH range 4.9—7.5). Within experi-
mental error, these proteins yielded the same pK,
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Fig.1. Effect of pH on the region of carbonyl resonances in
proton-decoupled natural-abundance '*C NMR spectra

(at 15.18 MHz) of horse cyanoferrimyoglobin (9—13 mM
protein in H,0, 0.1 M KCl, 39°C). Each spectrum was
obtained with the use of 32 768 accumulations, a recycle
time of 1.1 s (10 h total time) and a digital broadening of
0.6 Hz. In each spectrum, an arrow indicates the position of
the carbonyl resonance of Gly-1. Numbers on the right-hand
side are pH values. Spectra recorded at 20 additional pH
values (see fig.2) are not shown).
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Fig.2. Effect of pH on the chemical shift of the carbonyl
resonance of Gly-1 of horse cyanoferrimyoglobin at 39°C
(closed circles), horse ferrimyoglobin at 36°C (open circles)

and red-kangaroo cyanoferrimyoglobin at 36°C (open trinagles).
The solid line is the best-fit theoretical titration curve

(assuming a single pK a) for horse cyanoferrimyoglobin.

(and limiting chemical shift at low pH) as that of
horse cyanoferrimyoglobin (see fig.2).

Garner et al. [12] used the kinetics of the reaction
of cyanate with the N-terminal amino groups of
various myoglobins (at 25°C) to determine the pK,
values of these groups. They reported pK, values of
7.7 and 8.0 for two myoglobins with Val-1, and pK,
values of 7.2, 7.4, and 7.7 for three myoglobins with
Gly-1. Thus, it appeared that the pK, value of a Gly-1
is generally lower than that of a Val-1 residue [12].
However, we observe a pK, of 7.8 for Gly-1 of the
myoglobins from horse and kangaroo.

It is apparent from fig.1 that (at pH values near or
above the pK,) the identification of the carbonyl
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resonance of Gly-1 of a protein would be greatly
faéilitatpd by the increased spectral resolution
available at higher magnetic field strengths than

14 kG [5]. Also, when dealing with an N-terminal
residue such as valine, whose carbonyl resonance
overlaps with the main carbonyl band even at low

pH [3], the increased resolution of a magnetic field
strength such as 40 kG or 60 kG [5] may be essential
for the observation of the titration behavior by means
of natural-abundance **C NMR.
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