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Abstract: The single methionine residue (Met-52) of basic bovine pancreatic trypsin inhibitor (BPTI) has been methylated to
yield the diastereomeric S-['3C]methyl methionyl inhibitor (SM-BPTI) which retains full activity and shows conformational
stability similar to unmodified BPTI. The diastereomeric S-[13C]methyl groups can be distinguished spectroscopically by '3C
nuclear magnetic resonance spectroscopy. The spectrometric nonequivalence was 0.2 ppm. S-['3C]Methyl methionine itself
and selected substituted derivatives also showed a measurable but smaller chemical shift separation in the methyl signals
(0.02-0.09 ppm). The observed nonequivalence in the S-methyl amino acid compounds was found to be dependent upon the
state of ionization of the amino acid and the nature of the substituent group. Comparison of the spectral parameters of the S-
methyl label in the protein with those of the S-methyl label in the amino acid model compounds has led to the conclusion that
the observed nonequivalence in the methyl groups of the protein is due to effects of environmental and conformational factors.
The sensitivity of the label to these factors has been demonstrated in studies of the protein performed under the different condi-
tions of pH, temperature, and salt concentration. Comparison of the changes in the mean chemical shift with the absolute non-
equivalence of the methyl signals in the protein observed under the different perturbing conditions has also provided valuable

insights into the solution conformation of the protein.

Methionine residues in most proteins provide convenient
sites for specific enrichment with 13C isotopes. The relatively
low proportion of these residues gives rise to '3C nuclear
magnetic resonance spectra (13C NMR)! which appear to be
uncomplicated. Specific enrichment with !3C isotopes has an
inherent advantage in 1*C NMR. The signal from protein label
dominates the spectrum and circumvents the need to separate
the unlabeled protein. The signals from the !3C-enriched
proteins reveal particular events that affect the label when the
protein in solution undergoes conformational changes on de-
naturation or ligand binding. One labeling technique, which
serves to increase the presently limited application of 13C
NMR to proteins, is the S-methylation of methionyl residues
with 13CH;I, a modification resulting in a positively charged
sulfonium group. Recent investigators have used the '3C S-
methyl sulfonium as an intermediate in producing the specif-
ically enriched '3C methionine form of the protein. Jones et
al.23 reported the 13C enrichment of the two methionine resi-
dues in sperm whale myoglobin by demethylation of the
13C-enriched S-methylated protein. Similarly, Deber et al.#
reported spin-lattice relaxation measurements in solution on
the 13C-enriched S-methylated form and the 13C-enriched
methionine form of the human and bovine myelin basic pro-
teins. The methylation of the single methionine residue of
glucagon has also been reported.?

The single methionine residue (Met-52) of the basic bovine
pancreatic trypsin inhibitor (BPTI) which lies in the center of
the C-terminal helix of the molecule® can be methylated with
BCH;I in 70% formic acid to yield the two diastereomeric
forms of S-[13C]methyl methionyl BPTI (SM-BPTI). The
modified protein retains full activity and, as we shall demon-
strate, displays conformational stability similar to BPTI under
the different denaturation conditions of high pH, high tem-
perature, or high salt concentration.

We reported in a preliminary communication that the dia-
stereomers of SM-BPTI can be distinguished spectroscopically
by 13C NMR and that the chemical-shift separation of the '3C
methyl signals provides a useful and sensitive probe for mon-
itoring conformational changes in the protein.” The spectro-
scopic resolution of the resonances from the diastereomers in
an S-methyl methionyl containing protein had not been pre-
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viously observed. We now report the results of further inves-
tigations which have identified factors contributing to the
nonequivalence of the methyl signals in SM-BPTI.

Experimental Section

A. Preparation of the S-[13C]Methyl Methionine and Its Derivatives.
1. S-{13C]Methyl L-Methionine (SM-Met), S-[13C]Methyl L-Methi
onine Amide (SM-Met-NH3), S-[13C]Methy! L-Methionine Methyl
Ester (SM-Met-OCH3). L-Methionine, 120 mg in 2.5 mL of H,0, was
reacted at room temperature in the dark with 0.08 mL of 90% enriched
B3CH;l (Prochem, Summit, N.J.) in a tightly closed vial with Tef-
lon-lined screw cap. The amino acid readily went into solution with
stirring after 30 min. The reaction was allowed to proceed for another
1 h; then excess 13CH ;1 was allowed to evaporate naturally from the
reaction vessel. A clear solution of SM-Met was obtained and was used
directly for the }3C NMR studies. SM-Met-NH; and SM-Met-OCH3
were prepared in the same manner from L-methionine amide hydro-
chloride and L-methionine methyl ester hydrochloride (Sigma, St.
Louis, Mo.), respectively.

2. N-a-t-Boc-S-[13C]methyl Methionine (¢-Boc-SM-Met). N-
«-1-Boc-L-methionine (Bachem, Marina del Rey, Calif.), 150 mg in
3 mL of 0.2 M NasHPOy, at pH 9, was reacted with 0.1 mL of 90%
13CH;] using the same procedure as 1. The solution of 1-Boc-SM-Met
was used directly for 13C NMR studies.

3. N-a-Acetyl-S-[13C]methyl L-Methionine (Ac-SM-Met). N-
a-Acetyl L-methionine (200 mg) was dissolved in 3 mL of H,O by
warming and was reacted at room temperature with 0.1 mL of 90%
13CH3] using the same procedure as 1. The solution of Ac-SM-Met
was used directly for 13C NMR studies. Acetyl methionine was pre-
pared by a method adapted from Moore and Dalrymple.?

4. N-o-Z-S-[13C]methy] L-Methionine (Z-SM-Met) and N-
a-Z-S-[13C]methyl-L-methionyl-L-glycyl Ethyl Ester (Z-SM-Met-
Gly-OEt). Z-Methionine, 90 mg in 2 mL of H»0, was reacted with
0.04 mL of 13CHsl for 3 h using the same procedure as 1. The solution
of Z-SM-Met was used directly for 13C NMR studies. Z-Methionine
was prepared by the method of Hofmann et al.? The Z dipeptide was
prepared in the same manner from N-a-Z-L-methionyl glycyl ethyl
ester (Sigma, St. Louis, Mo.).

B. Preparation of [S-[13C]Methyl Methionine-52]-BPTI (SM-
BPTI). BPTI (Trasylol, Bayer AG, Wuppertal) was used without
further purification. A sample of 145 mg of BPTI dissolved in 2 mL
of H,O was added to 8 mL of 88% formic acid and allowed to react
with 0.1 mL of '3CHjl overnight at room temperature in the dark.
Excess acid was neutralized with 2 N NaOH and the solution was
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Figure 1. Successively offset 20-Hz segments of the proton-decoupled
25.16-MHz FT 13C NMR spectra of 0.2 M N-Z-S-[3C]methyl methi-
onine at indicated pH values (uncorrected). There are more points in the
graph than shown in the stacked plot of the '*C NMR spectra. The con-
ditions of acquisition are reported in the Experimental Section.

dialyzed three times in 4 L of distilled H,O in tubing with 3500 mo-
lecular weight cutoff (Arthur Thomas Co., Philadelphia, Pa.). The
salt-free solution was freeze dried, resulting in a yield of 140 mg of
SM-BPTIL. lon exchange chromatography in carboxymethylcellulose
gave two peaks corresponding to 80% SM-BPTI and 20% unlabeled
BPTI. The amino acid analysis of the purified SM protein (hydrolyzed
for 16 h in vacuo at 110 °C in 4 N methanesulfonic acid) gave ap-
proximately one residue of SM-Met, which appeared after the lysine
peak, and trace amounts of methionine. Measurements of trypsin-
inhibitory potency for all samples assayed were carried out by the
method of Kassell}2 using Ne-benzoylarginine p-nitroanilide as the
chromogenic trypsin substrate.

C. 13C NMR. All 13C NMR studies were made in 12-mm tubes on
a Varian XL-100/(25.16 MHz 13C) NMR spectrometer with a Ni-
colet Fourier transform accessory and a variable-temperature probe.
Except for samples in guanidine hydrochloride (Gu-HCl), solutions
were made in 1.5 mL of H>O and 0.5 mL of D,O for deuterium
locking. An external coaxial 5-mm tube with D,O was used for deu-
terium locking for samples in Gu-HCI in H;O. p-Dioxane was em-
ployed as the internal reference for all samples. The chemical shifts
were corrected to the é scale (trimethylsilylpropionic acid, TSP = 0)
using a chemical shift of 68.60 ppm for dioxane in aqueous solution.
Except for samples in Gu-HCI, all sample tubes were fitted with a
vortex plug.

The pH titrations of the SM-Met and its derivatives were done
serially by starting at low pH. The samples for the pH titration of the
SM-BPTI were made by dissolving 35 mg of the protein at each
specified pH and allowing the solution to stand for 2 days before taking
the 13C NMR spectrum. The pH was adjusted with | N HClor 2N
NaOH using values uncorrected for deuterium isotope effects and
sodium ion interference at high pH. The pH values measured before
and after 13C NMR spectra were recorded did not differ signifi-
cantly.

Variable-temperature studies were performed on a single sample
of 50 mg of SM-BPTI at pH 6.8 in increments of 5 °C in temperature
starting at probe temperature. The sample was allowed to equilibrate
at the specified temperature for 30 min before the 3C NMR spectrum
was taken. At each temperature, the spectrum was taken twice to
ascertain that equilibrium was established. Studies in Gu-HCI (0-4
M) were made on a single sample of 50 mg of SM-BPTI starting in
aqueous solution. Calculated amounts of 8 M Gu-HCl solution (pH
7.5) were added to increase the salt concentration. Another 50-mg
sample of protein was prepared at 5 M salt to avoid dilution problems
at high salt concentrations.

The NMR acquisition parameters were routinely set to obtain
0.12-Hz digital resolution for the experiments using the SM amino
acids and 1.0-Hz digital resolution for the SM protein. The coalesced
methyl signals from the SM protein were remeasured at 0.12-Hz
digital resolution to check if the signals could be further resolved. The
pulse width for a 90° pulse in the instrument is 19 us; 12-us pulses and
0.1-s delay were used in the experiments. Usually, 16 scans (2.2 min,
interpulse delay = 8.4 s) were taken for each 20 mg of the 13C SM
amino acids and 15 000 pulses (4.6 h, interpulse delay = 1.1 s) for 50
mg of the 3C-enriched protein.

~_/%L pH 89
A

7/\w/ L pH 4.3

/

80 100 120
pH

Figure 2. Successively offset 100-Hz segments of the proton-decoupled
25.16-MHz FT 13C NMR spectra of 1.8 mM [S-['3C]methyl methio-
nine-52]-BPTI at indicated pH values (uncorrected). (A) The plot of the
chemical-shift separation of the methyl signals against pH. (B) The plot
of the change (ppm) in the mean chemical shift of the methyl signals per
unit change in pH against pH. No other signals were observed in the full
(5000 Hz) spectra except for dioxane, added as an internal standard.

Results

An illustrative example of the pH dependence of the mag-
nitude of the chemical-shift separation of the S-methyl groups
in amino acid model compounds is the titration of N-Z-SM-
Met shown in Figure 1. The maximum chemical-shift sepa-
ration is 0.09 ppm at pH values well below the apparent pK,
(~3.0) of the carboxylate group. This decreases to 0.04 ppm
above pH 4.3 Two other N-substituted S-methyl amino acids,
N-a-t-Boc-SM-Met and N-a-acetyl-SM-Met, also exhibited
signals which titrated with the carboxylate function. These
showed maximum chemical-shift separations of 0.08 and 0.03
ppm, respectively, at low pH values but complete coalescence
of the methyl signals in each case at values significantly above
the carboxylate group pK,’s. The methyl groups of unsubsti-
tuted SM-Met showed maximum chemical-shift separation
(0.04 ppm) at pH values between the pK, values of the car-
boxylate and amine functions. Below pH 2 or above pH 8 the
signals were unresolved. The amide and methyl ester of
SM-Met were also studied, but no resolution of the methyl
signals could be observed at 25.16 MHz!4 in the pH range
2-10. The Z-substituted dipeptide, Z-S-[!3C]methyl meth-
ionyl glycine ethyl ester, showed a resolution of 0.05 ppm in
the methyl signals, invariant in the pH range 2-9. All pH ti-
trations of SM-Met and its derivatives were fully reversible,
and the mean chemical shifts of the methyl signals (26.8-26.9
ppm) remained invariant in the titration range.

The pH denaturation profile of SM-BPTI is shown in Figure
2. The nonequivalence of the protein-borne S-methyl signals
was 0.20 ppm, three to eight times larger than in SM-Met and
its substituted derivatives. In contrast with the S-methyl amino
acids, but like the fully protected dipeptide, the diastereotopic
separation in BPTI remained invariant in the pH range 1-11,
Complete coalescence was observed only above pH 13, The
mean chemical shift (26.52 ppm) remained invariant from pH
6 to 11 and moved downfield by 0.3 ppm with full coalescence
at pH 13. The protein at pH 13 precipitated on dialysis with
distilled water. The soluble fraction had an activity of 13% with
respect to native BPTI and the 13C NMR at pH 7 gave only
a single broad resonance at 26.72 ppm—0.2 ppm downfield
from the active protein at the same pH. In a control experiment
BPTI maintained at pH 12.8 for 2 days also showed precipi-
tation on dialysis. The soluble fraction was 52% active.
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Figure 3. Successively offset 100-Hz segments of the proton-decoupled
25.16-MHz FT 13C NMR spectra of 3.8 mM [S-['*C]methyl methio-
nine-52]-BPT! at indicated temperatures. (A) The plot of the chemical-
shift separation of the melhyl signals against temperature. (B) The plot
of the change (ppm) in the mean chemical shift of the methyl signals per
unit change in temperature against temperature.

The temperature denaturation of SM-BPTI (Figure 3)
similarly showed a sharp melting profile. The chemical-shift
separation of the methyl signals was still 4.1 Hz at 80 °C,
compared to 4.9 Hz at 35 °C. At 85 °C, the signals coalesced.
The mean chemical shift moved gradually downfield by 0.37
ppm from 35 to 80 °C and by 0.2 ppm from 80 to 85 °C. When
this sample was maintained at room temperature for several
weeks, no spectral separation of peaks could be observed. In-
stead, a single peak was observed at 26.80 ppm—0.3 ppm
downfield from the mean resonance of the active protein. The
heat-treated protein was 18% active, while a control solution
of BPTI heated at 85 °C for 7 h and allowed to cool was 26%
active.

The behavior of SM-BPTI at pH 7.5 in varying concentra-
tions of guanidine hydrochloride is shown in Figure 4. The
chemical-shift separation decreased gradually on going from
the aqueous solution to higher salt concentration. It collapsed
in 5 M salt accompanied by a 0.4-ppm downfield shift. The
protein was brought further to 6 M salt and, after standing for
4 wecks, it was dialyzed repeatedly against distilled water. The
activity was 57% and the 1*C NMR (Figure 4, uppermost
trace) gave a downfield peak at 26.83 ppm corresponding to
denatured SM-BPTI and a pair of peaks centered at 26.54 ppm
corresponding to those of undenatured SM-BPTI. Control
BPTI subjected to similar conditions was 64% active. In an-
other preparation where SM-BPTI was allowed to stand in 6
M salt for only | week, the protein was 86% active after re-
moval of the salt. SM-BPTI that stood in 5 M salt for 4 days
showed complete resolution of the methyl signals after removal
of the salt.

Discussion

Sulfonium ions do not undergo the rapid inversion charac-
teristic of ammonium ions, despite the presence of an unshared
pair of electrons. Thus the two methyl groups of S-methyl
methionine are diastereotopic. In this work, where 13C-
methylation was used, the two methyl groups are isotopically
distinguishable and therefore diastereomeric .S-methyl
methiony! derivatives are formed. The separate signals ob-
served in the 13C NMR spectra represent the single !3C methyl
group of each diastereomer.

Studies on derivatives of S-methyl methionine, used as
models for SM-BPTI, show that the magnetic nonequivalence
of the diastereomeric methyl groups is highly sensitive to the
charge state of the «-amine and a-carboxyl functions, and
somewhat less sensitive to the nature of amine blocking groups.
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Figure 4. Successively offset 100-Hz segments of the proton-decoupled
25.16-MHz FT 13C NMR spectra of 2.3 mM [S-['*C]methyl mcthio-
nine-52]-BPTI at indicated guanidine hydrochloride concentrations.
Dialyzed is a protein sample that was restored to low salt solution by di-
alysis after I month in 6 M salt. (A) The plot of the chemical-shift sepa-
ration of the methyl signals against guanidine hydrochloride concentration.
(B) The plot of the change (ppm) in the mean chemical shift of the methy!
signals per unit change in salt concentration against salt concentration.

The exception to this was seen in the case of Z-blocked SM-
Met. Here, the aromatic substituent apparently causes a
nonequivalence of approximately 0.04 ppm independent of the
protonation state of the amino acid.

The 13C methyl groups of SM-BPTI also exhibit a magnetic
nonequivalence which is independent of pH throughout the
range associated with titration of the carboxyl and amine
functions of proteins. This nonequivalence is three to eight
times larger than that observed in any of the SM-Met models
and probably reflects the fact that in the native conformation
of BPTI® the methionyl residue is held close to a hydrophobic
region containing several aromatic residues (Tyr-21, Tyr-23,
Phe-4, Phe-22, and Phe-45). Under conditions of pH and
temperature shown by others!3-16 using independent NMR
parameters, to denature BPTI, the large nonequivalence of the
SM-BPTI methyl groups disappears. Denaturation almost
certainly removes the methionine from close contact with the
aromatic residues, and the enhancement of nonequivalence is
lost. Denaturation by pH or temperature is also associated with
a sharp change in the chemical shift of the SM-BPTI methyl
signals (see insets B to Figures 2 and 3). Nevertheless the
signals of the methyl groups in the denatured proteins are still
in the range associated with the methyl sulfonium group. It is
therefore unlikely that the observed spectral changes represent
a chemical modification of the reporter group. Under both sets
of conditions the denaturation reaction is irreversible, as judged
by the failure of the molecule to regain either its original 13C
NMR spectrum or its inhibitory potency. BPTI is also irre-
versibly denatured under these conditions.

The pH- and temperature-induced changes are different
from the structural changes that occur when the SM protein
is carboxymethylated at all cysteine residues by treatment with
iodoacetic acid in 6 M guanidine hydrochloride and excess
dithioerythritol. The carboxymethylated protein, which is
presumably in a random coil structure, exhibited a well-re-
solved chemical-shift difference of 0.08 ppm in the S-methyl
methionyl residue at pH 1 in aqueous solution.!® This value is
comparable to the values obtained for the amino acid model
compounds.

The behavior of SM-BPTI in varying concentrations of
guanidine hydrochloride is again different (Figure 4). There
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is a monotonic decrease in the separation of the S-methyl
signals when the salt concentration is increased as opposed to
the abrupt collapse of the signals observed at high temperature
or high pH. Although it is possible that the reduction in the
nonequivalence of the methyl signals is due to the interaction
of the label with the salt, consideration of the ratio of the salt
to protein concentration which is already very large at 1 M salt
(400:1) leads us to conclude that these interactions would be
expected to have reached saturation. The further reduction of
nonequivalence at higher salt concentration and total coales-
cence at 5 M salt are probably due to local conformational
changes which are reversible, since the native spectrum is re-
stored when the salt is removed. Accordingly, the S-methylated
protein is not fully inactivated by the salt, in contrast to the
observed irreversible inactivation of the protein by high pH or
high temperature. Protein that had been kept for 1 week in 6
M salt still maintained 86% activity after removal of the salt
and one sample kept in 6 M salt for | month could be restored
to 56% of its original activity. The latter preparation had both
active and inactive protein which can be distinguished by 13C
NMR. The unresolved S-methyl signals of the inactive protein
lie 0.3 ppm downfield from the mean chemical shift of the
well-resolved signals from the active protein (Figure 4). In
another preparation of the S-methylated protein that stood in
5 M salt for 4 days, the 13C methyl signals were unresolved but
removal of the salt by dialysis resulted in the complete reso-
lution of the peaks and restoration of activity. These results are
fully consistent with the reported stability of unmodified
BPT1!6-19 in high salt concentration where denaturation is not
observed unless a reducing agent is added 2 or the protein in
6 M salt is further heated to 75 °C 2!

The mean chemical shifts of the C-13 methyl signals are also
useful indicators of protein structure. To isolate the effects of
perturbing conditions such as pH, temperature, or salt on
chemical shift from the effects due to changes in protein
structure, the change in mean chemical shift per unit change
in the perturbing factor has been plotted against the magnitude
of the perturbing factor. The chemical-shift contributions due
to increments in the perturbing factor are small compared to
the chemical-shift change induced by the protein undergoing
a conformational change. The change in protein structure is
reflected as the steep rise or spike in the figures (Figures 2-4,
inset B). In the pH titration of SM-BPTI, the spike shows at
pH 12 simultaneous with the collapse of the methyl signals.
In the temperature study of SM-BPT], the appearance of the
spike at 85 °C is also coincident with the collapse of the methyl
signals. Similarly, the loss of nonequivalence coincides with
the largest chemical-shift change per unit salt added. The large
chemical-shift change at 1 M salt, however, is assumed to be
due to the sudden increase in ioni¢ strength from aqueous so-
lution. Changes in the mean chemical shift and in the chemi-
cal-shift separation of the methyl signals provide similar in-
formation regarding the conformational state of the protein.
There is added information, however, that the chemical-shift
separation provides which is not reflected in the changes in
mean chemical shift. In the temperature study of SM-BPTI,
the chemical-shift separation of 4.8 Hz was invariant between
35 and 70 °C. A significant reduction in the nonequivalence
is noticeable in the measurements at 75 and 80 °C before full
collapse is observed at 85 °C. There is no indication, however,
of any significant deviation from the normal change in chem-
ical shift per degree at or below 80 °C. Between 80 and 85 °C
the change in mean chemical shift also changes markedly.
These observations suggest two possible events occurring be-
tween 70 and 80 °C. One possibility is that the protein
undergoes subtle structural transitions which can significantly
affect the nonequivalence of the .S-methyl groups but not their
chemical shifts. The other possibility is that significant
quantities of denatured protein are present in the sample. This

1123

latter possibility is supported by activity measurements on
samples of the protein maintained at the experimental tem-
peratures. The extent of inactivation under these conditions
was as much as 30%. The !13C NMR spectrum for the sample
at 80 °C (Figure 3) suggests that a mixture of the native and
denatured protein exists, indicated by the apparent broadening
of the low-field peak in the doublet. Such differences would
not be readily detected by a probe (e.g., ['3C]methionine) for
which only the chemical-shift data can be monitored.

The advantage in the use of the chemical-shift separation
of the S-methyl signals over the use of the mean chemical shift
is further demonstrated in the study of SM-BPTI at varying
Gu-HCI concentrations. Since the S-methyl groups are ex-
pected to interact with the external environment to the same
extent, the variation in their chemical-shift separation reflects
purely internal perturbations in the protein. Thus the observed
monotonic decrease in the chemical-shift separation as a
function of the salt concentration (Figure 4, inset A) would
indicate the gradual loosening of protein structure, This is not
clearly apparent from the chemical-shift data, even after it has
been transformed in an effort to eliminate chemical-shift
contributions from solvents effects (Figure 4, inset B).

Not only is the denaturation process more clearly indicated
in the plot of the chemical-shift separation of the S-methyl
signals vs. salt concentration, but the result is also more certain.
The two methyl signals serve to reference one another, and only
the relative change is interpreted. The dioxane reference used
for measurements of absolute chemical shift may not experi-
ence solvent effects in parallel with the S-methyl groups in the
protein. Thus observed trends based on chemical-shift data
would have to be verified using some other parameters.

In conclusion, this study brings to the field of 13C NMR a
new probe, the S-[!3C]methyl methionyl label, applicable to
other methionine-containing proteins and a useful and sensitive
reporter of conformation changes in the molecule. The meth-
ylation of a methionine residue introduces into a protein an
additional positive charge and a slight increase in bulk. These
factors could effect substantial differences in the molecular
structure of the modified and the unmodified proteins. How-
ever, the results of our studies on BPTI indicate that the con-
formation and stability of this protein have not been signifi-
cantly perturbed by the SM modification. All indications are
that the labeled BPTI remains as active and as stable to de-
naturing conditions as the modified protein. Previous modifi-
cations of the methionyl residue!!-22 have also shown no de-
tectable effects on the trypsin inhibiting properties of BPTI
and only slight effects in its capacity to renature.2® Refolding
studies of reduced SM-BPTI show that its rate of renaturation
is comparable with that of BPT1.24

The use of the S-methyl probe has also recently been applied
to human and bovine myelin basic proteins.* The nonequiva-
lence in the S-methyl groups was not observed, however, at
2-Hz digital resolution but the interpreted data based on 7
measurements suggested loose overall structure about the vi-
cinity of the methionyl residues. There are, however, a number
of other methionine-containing proteins whose tertiary
structures are known that would appear to be equally suitable
for these studies. For those proteins which exhibit a measurable
nonequivalence in their labels upon S-methylation, spectro-
scopic findings can be correlated with the conformational state
of the protein and, thereby, provide a better understanding of
their solution conformations.
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Abstract: 'H chemical shifts show at concentrations below 0.2 M a normal stacking process, with an apparent mean equilibri-
um constant of 3.8 M~! at 299 K. Above a concentration of approximately 0.3 M at this temperature, an altogether different
modc ol self-ordering sets in. The multiplicity of H-8 resonances in the "H NMR spectra and that of phosphate resonances in
the 3'P NMR spectra are consistent with the coexistence of two kinds of ordered structures, likely to be octamers and hexa-
deccamers, respectively. 23Na chemical shifts and line widths are also concentration dependent: below a critical concentration,
they increase normally with the fraction of ion-paired sodium, just as in model systems (5-AMP, 5-ATP, 2’-GMP, D-ribose
S-phosphate), with binding constants of about 2 M~} at 300 K. Above a critical concentration, the 23Na resonance undergoes
a pronounced upfield shift, together with a considerable line broadening: these are diagnostic of a sharp disorder-order transi-
tion, which can be studied either by changing the concentration at constant temperaturc, or by varying the temperature at con-
stant concentration. This disorder-order transition is highly cooperative, with a Hill coefficient of 6.1 £ 0.7. From the critical
concentrations, determined either from the 2*Na chemical shifts or from line widths reduced to unit viscosity, a phenomenolog-
ical phase-separation model yields AH® = —17 £ 2 kecal-mol~! and AS® = —51 £ 6 cal-mol~'-K~!. The self-assembly is en-
thalpy driven, rather than determined predominantly by hydrophobic forces. like the normal stacking interactions. The binding
of Nat contributes directly to the buildup of octamers and hexadecamers from hydrogen-bonded tetramers whose central cavi-

ty includes a sodium cation.

Introduction

Alone among the nucleotides, guanosine monophosphate
(GMP) arranges itself into highly ordered aggregates, in
aqueous solutions.! The 5 isomer (5-GMP) not only forms
gels at acidic pHs, !~ but also self-orders at neutral and slightly
basic pH. This phenomenon was discovered in 1972 by Miles
and Frazier.,® using infrared spectroscopy. Further X-ray’ and
IR studies provided nearly conclusive evidence for a planar
tetrameric arrangement of GMP molecules held together by
eight hydrogen bonds. '"H NMR studies reported in 1975 the
high rigidity of 5-GMP aggregates at neutral pH: energy
barriers of more than 15 kcal-mol~! prevent fast exchange of
monomer nucleotides between sites.® Two groups then inde-
pendently discovered by NMR that the self-assembly process
depends critically on the cation present: Pinnavaia et al.” using
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'"H NMR and Laszlo et al.'" 3 using 23Na and K NMR
showed a potassium-selective interaction of alkali metal cations
with the central cavity delimited in the tetramers by the four
Og oxygens.

5-GMP aggregation is related to the exceptionally high
rigidity displayed by poly(riboguanylic acid) [poly(G)] in
neutral aqueous solution,'# 7 due to multistrand formation,'®
with a four-stranded form characterized by X-ray in the
solid.'9-20

The self-ordering of 5-GMP could have had prebiotic sig-
nificance: nucleotide formation has been documented under
abiotic conditions,?!*23 and 5-GMP self-assembles at the
slightly basic pHs (7.8-8.4) characteristic of the present and
plausibly also of the primeval ocean.?4-2¢ We have indeed al-
ready shown? that 5-GMP aggregates discriminate between
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