Londonet al. | 13C NMR Studies of [U-3C] Aspartic and Glutamic Acids

preciably longer than for the !3C satellite. This leads to better
resolution of the main line(s) than of the !3C satellite lines (see
Figure 3). Theory suggests'? and our data support the view that
differential saturation should be greatest in large radicals with
a highly localized electron.!® The phenomenon should also be
more pronounced in more viscous solvents,!? and this too was
observed.

Although our analysis illustrates the general nature of dif-
ferential saturation, it is not capable of providing a quantitative
account of the measurements. These were, of necessity, made
under conditions of partial saturation and to improve signal
intensity the lines were generally overmodulated, the modu-
lation frequency being 100 kHz. Moreover, in some cases there
was partially resolved hyperfine structure, which means that
the lines were not homogeneously broadened. There are no
available treatments of line shape which include simulta-
neously the effect of saturation, modulation amplitude, mod-
ulation frequency, and inhomogeneous broadening.!” The ef-
fects of modulation amplitude (2.5 and 5.0 G) and frequency
(10 and 100 kHz) on the saturation behavior of the main lines
in the spectrum of 3 are illustrated in Figure 4.

Finally, we note that magnetic nuclei in quite remote posi-
tions can also produce differential saturation effects of suffi-
cient magnitude to make radical identification difficult, e.g.,
B3Cortho and 3Cperq in 1 (Figures 2 and 3) and the 2°Sig in 3
(see Table I).
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Abstract: 13C NMR studies of the chemical shifts and carbon-carbon spin-spin coupling constants of 90% [U-13CJaspartic
and -glutamic acids are reported. Effects of titration of the two carboxyl groups are separated computationally and the results
compared with those for asparagine and glutamine, aspartate and glutamate containing peptides, and a series of amino-n-bu-
tyric acids. The results indicate that the carboxy! carbon shift resulting from titration of the carboxy! group is strongly depen-
dent on its distance (number of bonds) from an amino group. Alternatively, remote methyl groups exhibit a much smaller titra-
tion induced shift than carboxyl groups in the corresponding position. Significant remote effects of pH titration on the one-
bond carbon-carbon coupling are also observed, particularly for couplings involving the side-chain carboxyl carbons. These
results are discussed in terms of polarization of the C-O bonds in response to titration of a remote carboxy! group. Values of
3Jcc in asparate and glutamate indicate a strong conformational dependence. Rotamer populations predicted on the basis of
the observed couplings and theoretical INDO calculations are in good agreement with values based on an analysis of the 3Jug
and 3Jcy couplings. For a given conformation of glutamic acid, it is found that 3J14 is considerably smaller than 3J5s. This re-
sult is consistent with observations on a number of other 13C-labeled amino acids.

Introduction

13C-Labeled amino acids have been used as nonperturbing
probes of proteins!~!! and peptides!4-22 into which they have
been incorporated. Several of these studies have utilized uni-
formly labeled amino acids, the information content of which
is dependent on the degree of isotropic labeling. At low levels
(<20%) the labeling results in enhanced intensity, although
small 13C satellites due to 'Jcc coupling can frequently be
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observed. At intermediate labeling levels the spectra become
particularly complex owing to the different isotopic isomers
which are present. Thus resonances corresponding to the singly,
doubly, triply, etc., labeled amino acids can be observed.?3 At
higher enrichments the spectrum is simplified since the fully
labeled compound becomes the dominant isotopic isomer.24-27
It then becomes possible to obtain values for the long-range
carbon-carbon coupling constants which can be used to study
molecular conformation. Owing to the complexity of the
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spectra obtained, the use of highly labeled amino acids must,
in general, be restricted to synthetic peptides in which at most
several of the residues are uniformly labeled.

Although several previous studies on uniformly labeled 85
atom % !3C amino acids have been reported, there has been no
systematic study of the pH dependence of the 13C-13C cou-
plings in the dicarboxylic acids. Aspartic acid (1) and gluta-
matic acid (2) would be expected to show complex titration

'C00~ 1CO0~

+NH ,—:C—H *NH,—:C—H
‘CH, 'CH,
éoo- 4(‘:11_,
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behavior both because of the close proximity of the carboxyls
and the similarity of their pKs. The present studies of uni-
formly labeled 90 atom % !3C asparate and -glutamate ({U-
13C)asparate and -glutamate) have been undertaken in order
to provide background information for studies with peptides
containing uniformly labeled amino acids. Asparate is a par-
ticularly useful choice for determining the conformational
dependence of 3J¢¢ coupling since extensive conformational
data based on 3Jyy couplings28-34 and 3Jcy couplings3s-38
exist and because the conformation is strongly pH depen-
dent.

In addition to the use of 3J ¢ as a conformational probe, the
information available from chemical shift and !Jcc data has
also been evaluated. In contrast to the studies done on the al-
iphatic amino acids,?* determination of the effects of titration
of the two carboxyl groups in asparate and glutamate cannot
be deduced directly from the spectrum but must be accom-
plished computationally. We have used an approach similar
to that of Cohen and co-workers.?%-4! In addition to long-range
effects on chemical shifts which have been found for the ali-
phatic amino acids, long-range effects on !J ¢ can be observed
in asparate. In general, the studies show that useful information
can be obtained from the carbon-carbon coupling in situations
where the use of a uniformly enriched amino acid is feasi-
ble.

Materials and Methods

L-Asparagine, L-glutamine, DL-a-amino-n-butyric acid,
DL-B-amino-z-butyric acid, and vy-amino-n-butyric acid were
obtained from Sigma. The labeled amino acids used in these
studies were obtained from the alga Chlorella pyrenoidosa
(strain 71105). The algae were grown on !3C-enriched (ca.
90%) carbon dioxide using described techniques.*? The ly-
ophilized cells were disrupted with trichloroacetic acid and the
lipids extracted with chloroform-methanol, 3:1 (v/v). The
dried cell debris was hydrolyzed with hydrochloric acid and
the resulting amino acid mixture was desalted using a
Dowex-50W cation exchange column. The crude mixture was
placed on a Dowex-50W column (5 X 200 ¢m) and the amino
acids were serially eluted with a series of pyridinium formate
and pyridinium acetate buffers.4344 This chromatographic
procedure provided pure fractions of various amino acids,
among which were those used in these experiments. The pure
fractions of glutamate and asparate were concentrated to
dryness in vacuo and crystallized. Unresolved or partially re-
solved amino acids were separated using two additional chro-
matographic procedures; these procedures will be described
in more detail elsewhere.*5 Purity was established by column
chromatography, 13C NMR, and infrared spectroscopy.
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Pulse 13C NMR spectra were obtained with a Varian
XL-100-15 spectrometer (25.2 MHz) interfaced to a Nova
1210 computer. All spectra were obtained for ca. 0.1 M
aqueous solutions at 25 °C and the spectrometer was locked
to the resonance of D,O contained in a capillary. The spectra
for the carboxyl carbons were recorded with a spectral width
of 500 Hz and 2K spectral points at an acquisition time of 4
s with no pulse delay and a 30° pulse. The upfield carbon res-
onances were recorded with a spectral width of 800 Hz for
aspartate and 1000 Hz for glutamate with 2K spectral points.
Acquisition times were 2.5 and 2 s, respectively, with no pulse
delay and a 90° pulse. All chemical shifts are given relative to
external neat tetramethylsilane using a D,O capillary for a lock
and are accurate to within £0.1 ppm. No exponential multi-
plication of the free induction decay was performed. Peak
positions were determined by computer examination of the
spectrum using a program developed at Los Alamos which
interpolates between data points and allows resolution of peaks
to within £0.1 Hz. The amino acid titrations were performed
directly in the NMR tube using ~1 M KOH and HCI. Quirt
et al.! found that the effect of changes in solute or salt con-
centrations were small, and we have assumed such effects to
be less than the experimental error. The pK values determined
either from the shift data or the coupling data were in close
agreement with literature values.*6

As the pH of the solutions approached the pK of the amino
group, the a-carboxyl and the a-amino group broadened,
owing to traces of metal ions either added during the titration
or inherent in the sample. Above the amino pK, the resonances
again sharpened, presumably owing to competition for the
metal ions by hydroxyl ions. Paramagnetic broadening of
amino acid resonances appears to be worst near the pK of the
amino group and is particularly severe for I’N NMR.4’
Treatment of the amino acid solutions with Chelex 100 ion
exchange resin and addition of ca. /-mg quantities of EDTA
produced very sharp lines throughout the pH range ob-
served.

Residual broadening of the carbonyl resonances is probably
due to unresolved 2J ¢ coupling. This effect made a determi-
nation of 3Jc difficult in many cases and is responsible for
some of the scatter observed. In particular, C-4 of aspartate
is coupled both to C-1 (3J,4) and C-2 (2J4) to produce a
doublet of doublets. Aspartate C-1 appeared as a doublet
(3J14); however, the lines were broad reflecting unresolved 2/ ;
coupling. This problem is aggravated by an apparent pH de-
pendence of the aspartate 2/,4 and 2J,3 coupling which, if the
resolution is insufficient, results only in broadening, leading
to incorrect values for 3J14. Glutamate C-1 appears as a broad
resonance, but at higher resolution (0.25 Hz) it appears as a
poorly resolved quartet. Coupling to C-4 (3J4) is evident from
the small doublets seen for C-4; however, an additional smaller
coupling to C-3 (2Jy3) would explain the shape of the C-1
resonance. Glutamate C-5 shows long-range coupling only to
C-2 (3J53), although the upfield doublet was consistently larger
than the downfield doublet. presumably owing to some type
of higher order effect.

The finite perturbation theory INDO calculations of spin-
spin coupling constants were performed on a CDC 7600
computer using a program of Seidman and Maciel.*® Calcu-
lations based on the L-aspartic acid crystal structure of Der-
issen et al.#? agreed closely with those using standard bond
lengths of 1.53 A for C-C, 1.09 A for C-H, 1.25 A for C-O,
and 1.48 A for C-N bonds and assuming tetrahedral bond
angles in all cases. The sensitivity of the calculated 3J¢cc cou-
plings to all conformational parameters other than the dihedral
angle subtended by the coupled atoms was found to be quite
small. Numerical results given in the paper correspond to the
planes defined by the two carboxyl groups perpendicular to the
all anti carbon skeleton. Calculated coupling constants, par-
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Table 1. Carboxy! Titration Induced Shifts of Aspartate, Glutamate, and Several Analogues

I. Aspartate and Analogues

Carbon Aa Ap Asn Gly-Gly-Asp-Gly-Gly3* Asp-Phe-NH,56
C-1 2.14 1.20 2.1 1.1 1.1
C-2 1.60 1.45 1.7 1.3 1.2
C-3 0.94 2.03 0.6 2.7 2.2
C-4 1.24 3.26 1.0 3.2 3.6

I1. Glutamate and Analogues

Carbon Aa Ap Gln Gly-Gly-Glu-Gly-Gly*4 Ser-Glu-Gly33
C-1 2.41 0.61 2.4 0.6 0.4
C-2 1.99 0.71 1.8 1.1 0.7
C-3 0.60 1.50 0.7 1.2 1.6
C-4 0.45 3.56 0.2 3.3 3.6
C-5 0.57 4.33 0.4 44 49

I11. Butyric Acids

Carbon a-Amino-n-butyric? B-Amino-n-butyric? v-Amino-n-butyric® n-Butyric®’
C-1 2.6 3.8 4.4 4.7
C-2 1.7 2.8 3.5 39
C-3 0.4 0.9 1.5 1.4
C-4 -0.1 0.0 0.3 0.5

@ Model for A of aspartate and glutamate. # Model for Ag of aspartate. ¢ Model for Ag of glutamate.

ticularly !Jc involving the carboxyl carbons, were found to
be extremely sensitive to the state of protonation of the car-
boxyl groups, probably reflecting the neglect of the hydrogen
bonding interactions with the solvent in the calculation.’® As
in similar studies,’!+32 we have calculated the conformational
effects for the fully protonated species only. Changes in the
electronic structure resulting from deprotonation will clearly
dominate the one-bond carboxyl carbon couplings, but appear
to be less significant for the 3/cc couplings discussed in the
text.

Results and Discussion

A. Chemical Shift Data. The chemical shift titration curves
for aspartate and glutamate are characteristic of a titration
corresponding to & single pK at high pH but exhibit more
complex behavior at low pH. This behavior reflects sensitivity
of the observed shifts to the titration of both carboxyl groups.
Contributions corresponding to the titration of C-1 (A4) and
the side chain carboxyls of aspartate or glutamate (Ag) can
be separated computationally for each of the carbons (Table
I) using a method essentially equivalent to that of Quirt et al.#!
No such separation has been reported for aspartate which
shows the most pronounced dependence on the titration of both
carboxyl groups. The glutamate values are in good agreement
with those of ref 41. Owing to the closer proximity of the two
carboxyl groups in aspartate there is a considerably greater
dependence of all chemical shifts on both titrations than is the
case for glutamate.

A question suggested by the computational separation of
shifts noted above is whether the separate contributions A4 and
Ap can be observed in systems with either of the carboxyl
groups derivatized. A comparison with data obtained for
glutamine (for which our results are identical with a previous
study)?? and asparagine on the one hand, and several pre-
viously studied peptides on the other,?4-3% indicates that Aa
or Ap shifts are indeed observed (Table T). We can, therefore,
conclude that the titration shifts produced by C-1 or the side
chain carboxyls are relatively independent of whether the re-
mote carboxyl and/or amino groups are derivatized to am-
ides.

In contrast to the above observations, all carboxyl shifts were
found to be significantly smaller than the shifts observed in
aliphatic carboxylic acid analogues. In order to further un-
derstand these deviations carboxyl titration shifts for the series

a-, 3-, and y-aminobutyric acids were measured and the results
summarized in Table I. The strong dependence of the titration
shift of the carboxyl carbon on the distance from the amino
group is apparent and suggests that the presence of the amino
group produces the primary perturbation of the carboxyl
carbon shifts relative to an aliphatic carboxylic acid such as
butyric acid (titration shift = 4.7 ppm).>” This same depen-
dence on distance is also observed for the titration shifts of the
dicarboxylic amino acids. Thus, the A values for C-1 of as-
partate and glutamate are fairly close to the C-1 shift in a-
aminobutyric acid; the Ap value for C-4 of aspartate is similar
to the C-1 shift in B-aminobutyric acid, and the Ag value for
C-5 of glutamate is close to that for C-1 of y-aminobutyric
acid. The discrepancy between the As or Ap values and the
titration shifts for the corresponding carboxyl carbons of the
aminobutyric acid models reflects the difference between a
remote carboxyl compared to a hydrogen or a methyl
group.

Although the aminobutyric acids appear to serve as rea-
sonable models for the shifts of the carboxyls being titrated,
they are very poor models for the remote titration shifts ob-
served in aspartate and glutamate. Thus, for example, titration
of aspartate C-1 results in a 1.24-ppm shift of C-4 whereas
titration of a-aminobutyric C-1 results in a negligible shift for
C-4. The titration shift for the carboxyl carbon of 3-amino-
butyric acid is similar to that of aspartate C-4; however, the
carbon three bonds from the carboxyl is hardly shifted in the
former case while in the latter the shift is substantial (Table
I). These discrepancies may reflect the greater polarizability
of the remote carboxyl group in the dicarboxylic amino acids
compared with a remote hydrogen or methyl group in the an-
alogues as has been discussed by Batchelor et al.®® If such an
effect is assumed to dominate the observed shifts of the car-
boxyl carbons, it can be concluded that the carboxyl groups
in the dicarboxylic amino acids are polarized in two steps
corresponding to the two pKs.

B. Effects of pH on !Jcc Values. In general, the pH sensi-
tivity of the one-bond coupling constants !J¢c is expected to
depend on the ionization state of the carboxyl carbon involved
but to be relatively insensitive to remote titration effects. Al-
though this analysis turns out to be sufficient for most of the
cases studied, several one-bond couplings are sensitive to re-
mote titrations, notably those not involving carboxyl carbons.
In order to obtain quantitative estimates of the long-range
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Figure 1. Dependence of the one-bond carbon-carbon coupling constant
1J,, (B) and 'J34 (®) in aspartate on pH. Curves were calculated using
the parameters in Table I as described in the text.
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Figure 2, Dependence of the one-bond carbon-carbon coupling constant
1715 (B) and 'J4s (®) in glutamate on pH. Curves were calculated using
the parameters in Table I1 as described in the text.

effects, we have calculated AJ and AJp values (Table II)
using a method equivalent to that used for the shifts. Some of
the data obtained are presented in Figures 1-3.

As expected, the one-bond coupling constants involving the
carboxyl groups show a substantial pH dependence while the
17,3 exhibits changes of 1 Hz or less. A particularly surprising
result (Figures 2 and 3 and Table II) is that although the />
couplings in both glutamate and aspartate are sensitive only
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Figure 3, Dependence of the one-bond carbon-carbon coupling constant
1753 (A) (aspartate), 'Jy; (D) (glutamate), and 'J34 () (glutamate) on
pH. Curves were calculated using the parameters in Table II as described
in the text.

0 2 4

Table II. Computed Changes in !J¢c Values Corresponding to
Titration of aa-Carboxyl Group (AJ 4) and Side Chain Carboxyl
Group (AJg)

Coupling J, Hz Al a, AJp,

Amino acid constant  (pH 7.0) Hz¢ Hz¢
Aspartate J12 53.6 6.2 0.1
J23 36.5 0.2 1.1

Jia 50.4 0.8 4.2

Glutamate J12 53.4 5.8 0.1
J23 34.2 -0.5 -0.2

Ji4 34.7 0.6 0.7

J4s 50.7 0.4 2.6

a Positive signs for all but Glu J»3 indicate an increased coupling
at lower pH.

to titration of C-1 (AJg ~ 0), the 1.J34 coupling in aspartate
and, to a lesser extent, the 1J4s coupling in glutamate are
sensitive to both titrations. As noted for the 13C shifts, in both
cases the effect of the C-1 titration on the carboxyl coupling
is in the same direction as that produced by the direct titration
of the side-chain carboxyl group. The glutamate 1J53 value
increases by ~0.7 Hz as the carboxyl groups are deprotonated,
This behavior is similar to that of the aliphatic amino acids in
which 1/,3 increases by ~1.1 Hz over a similar pH range.* On
the other hand, the aspartate 1J,3 decreases by 1.2 Hz and a
computer analysis indicates that this decrease corresponds
almost entirely to AJg. Thus, the expected dependence of 17,3
on the titration of C-1 is completely overwhelmed in aspartic
acid by an effect involving the side-chain carboxyl. Since de-
protonation of C-1 perturbs the 1./34 coupling in aspartate while
at the same time failing to produce the expected effect on the
17,3 coupling, this indicates the existence of a perturbation of
the electronic structure of the molecule which is significant for
all of the carbons.
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Table III. Calculated INDO-FPT Coupling Constants for the
Carboxyl Carbons of Aspartic and Glutamic Acids as a Function
of Dihedral Angle®?

Dihedral
angle, Ucer Yoo  Voce Yeoms oha
deg Hz Hz Hz Hz Hz
Aspartic Acid
0 79.36 —8.78 3.97 421 2.43
30 79.66 -8.49 2.43 7.70 0.43
60 78.45 —-8.25 0.99 8.17 2.35
90 77.11 -8.47 0.82 5.29 5.49
120 77.44 -8.71 2.08 1.56 6.82
150 79.10 -8.35 3.85 0.44 472
180 80.16 -7.98 4.46 2.67 1.61
210 79.88 -8.31 3.24 5.54 0.88
240 78.49 -8.76 1.30 6.18 3.39
270 177.58 -8.49 0.61 3.93 7.16
300 77.20 -7.92 1.48 1.26 8.76
330 77.90 -8.12 2.99 1.14 6.65
Glutamic Acid

60 80.99 -7.35 0.09 8.02 2.08
180 76.72 -7.16 2.98 1.98 111
300 81.34 -7.42 1.05 1.28 7.97

1JC5C4 2JC5C3 3‘]Cscz

60 83.09 -9.64 1.69

180 78.66 -8.50 5.15

300 81.83 —8.25 0.98

@ For couplings involving Cy, the dihedral angle is that subtended
by Cy and Cg4; for couplings involving glutamic acid Cs, the dihedral
angle is that subtended by Cs and C,. ® Hp and Hp are defined so that
when Cj is anti relative 10 C4, Hy is anti relative to the nitrogen.

The 1Jcc values are relatively insensitive to deprotonation
of the amino group and are particularly difficult to obtain for
glutamate owing to the existence of higher order effects in-
volving C-3 and C-4 and the overlap of C-1 and C-2 resonances
which occur at high pH. Even in this pH range, the aspartic
acid couplings appear to differ significantly from those ob-
served in the aliphatic amino acids with 1.J,3 decreasing by 0.8
Hz in the former and increasing by ~0.3 Hz in the latter.

These one-bond couplings are not readily interpreted at
present since the INDO calculations do not give very good
agreement for the one-bond couplings (Table III), perhaps
reflecting the neglect of hydrogen-bonding interactions of the
carboxyl groups with the water.? In all cases observed, how-
ever, one-bond couplings directly involving carboxyl carbons
decrease upon deprotonation of the carboxyl group and the
long-range dependence of the one-bond couplings on titration
of the remote carboxyl groups is in the same direction. This
result suggests the possibility that titration of C-1 leads to a
small polarization of the side-chain carboxyl groups as dis-
cussed for the shifts.

C. Effect of pH on 3Jcc Values. Experimental studies on
three-bond 13C-13C scalar coupling constants involving a series
of aliphatic and alicyclic carboxylic acids indicate that such
couplings exhibit a pronounced dihedral angle dependence.8
Consistent with these observations, no resolvable coupling has
been observed between the gauche C-1 and C-4 carbons of a
series of 13C-1 labeled carbohydrates.5® However, the 3/ cocc
couplings between the anti C-1 and C-6 carbons are apparent
in all cases and were determined to be 4.3 and 3.2 Hz for 8- and
a-D-glucopyranose, respectively. Finally, theoretical finite
perturbation theory calculations in the INDO approximation
of butane, 2-butanol, and butanoic acid indicate a strong di-
hedral angle dependence for the 3Jcc couplings.®!-52 However,
the observation of different values of 3Jcocc for the o and 8
anomers of D-glycopyranose suggests that additional factors
may be operative.’®
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Figure 4. Dependence of the three-bond carbon-carbon coupling constant

3J )4 of aspartate on pH.
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In considering the conformational dependence of 3Jcc we
restrict the discussion to a determination of the relative
probabilities of the anti and the sum of the two gauche orien-

C, Hy H,
H.\N* H, HN* H, HN7 Hy
Hp H, H, C, G Hy
CcO,~ Co,~ co.~
anti gauche

tations. The validity of a Karplus-type relationship for the 3J,4
coupling observed in aspartate is consistent with the increase
in coupling which occurs on increasing the pH (Figure 4), since
the fraction of anti isomer is known to increase with increasing
pH.28-38 [n order to make a more quantitative evaluation of
the validity of a Karplus-type equation, it is first necessary to
extract values for the anti and gauche coupling constants from
the data. The most straightforward method is to utilize the
aspartate rotamer populations deduced from 3Jyp and 3Jcy
studies at various pH values. Unfortunately, there is a rather
wide spread in the reported results with values for the anti
population at high pH, ranging from 62 to 83%.28-38 In several
cases, attempts to fit the data in this way have resulted in large
negative gauche coupling constants which are theoretically
unlikely.

We have, therefore, attempted to analyze the data on the
basis of theoretical coupling constants obtained from a finite
perturbation theory calculation in the INDO approximation.*®
Using this approach, very poor results for all coupling constants
are obtained if the carboxyl groups are deprotonated. Pre-
sumably, this reflects the failure to include hydrogen-bonding
interactions between the solvent and the carboxyl oxygens.>0
For this reason, all calculations have utilized the different
rotamer populations for the fully protonated species. The re-
sults obtained for aspartate and glutamate are summarized in
Table II1. 3Jc,u, and 3J ¢y, values are included since they are
useful in studies of amino acid conformation.35-38 The J¢cc
and 2Jcc values are similar to those which have been calculated
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Table IV, Aspartate and Glutamate 3Jcc Values and Computed Rotamer Populations

Theoretical coupling® Exptl Calcd anti Lit.
Amino acid Tonization Gauche? Anti coupling rotamer probability value Ref
I. Analysis of 3J,4 Couplings
Aspartate 2- 1.2 4.5 4.0 0.85 0.83 37
0.71 38
1= 1.2 4.5 3.1 0.58 0.61 38
0.65 a
1+ 1.2 4.5 2.4 0.36 0.38 36
0.39 a
Glutamate 1~ 0.6 3.0 1.5 0.38
Glutamate
y-Methyl ester 0 0.6 3.0 0.46 36
I1. Analysis of 3/55 Coupling
Glutamate 1= 1.34 5.15 3.0 0.44
2~ 1.34 5.15 44 0.80

@ Data of ref 34 analyzed using equations of ref 37. # Average of the two gauche conformations. © As noted in the text, all theoretical couplings
correspond to the fully protonated amino acids. The use of such couplings to obtain conformational information is based on the assumption
that changes in 3Jcc are dominated by conformational effects rather than electronic perturbations due to carboxyl group deprotonation.
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Figure 5. Dependence of the three-bond carbon-carbon coupling constant
3]s of glutamate on pH.
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for butanoic acid32 but are substantially larger than the mea-
sured values. However, the 3J¢c values are quite reasonable
and predict rotamer populations in substantial agreement with
those available from the literature. Average gauche and anti
coupling constants and deduced rotamer populations for as-
partate and glutamate are given in Table IV.

At high pH, the anti probability deduced from the 13C data
is in close agreement with the result of Feeney.?” At lower pH
values the agreement with values reported by Espersen and
Martin,® Kainosho and Ajisaka,3* and Hansen et al.3¢ is
similarly good, as is the agreement with the value obtained by
analyzing the "H-'H couplings obtained by Kainosho and
Ajisaka using the semiempirical formulas deduced by Feen-
ey.>” The agreement throughout the pH range suggests that
the electronic perturbations resulting from deprotonation of
the carboxyl groups probably exert minimal effects on the 3/ cc
values compared with changes in conformation.

In addition to providing a good quantitative fit for the as-
partate data, the theoretical 3Jcc values obtained for gluta-
mate reproduce a trend which appears to hold for all of the

amino acids for which data can be obtained: 3J;5, 3J 34, etc. >
3J14.% Thus, the anti coupling calculated for glutamate, 3J 5
= 5.2 Hz, is significantly greater than the anti 3J,4 = 3.0 Hz.
This suggests that differences observed in the amino acids have
an electronic origin which does not reflect conformational
differences between the dihedral angles defined by C-1 and
C-4, and by C-2 and C-5. The 3/, coupling in glutamate was
found to be sufficiently small so that in many cases it was not
resolvable, perhaps owing to the existence of a small, unre-
solvable 2J5 coupling. Thus, the /4 couplings may be too
small in general to be of practical use in obtaining conforma-
tional data. Clearly, aspartic acid represents an exception to
this rule. On the other hand, the 3J,5 coupling in glutamate is
easily observed and exhibits a dramatic pH dependence (Figure
5). Using the calculated gauche and anti couplings, the cor-
responding rotamer populations are included in Table IV. The
fact that 3J,s appears to drop above pH 3 may reflect a con-
formational change; however, the possibility that this is an
electronic effect produced by deprotonation of C-5 cannot be
ruled out. In particular, deprotonation of a carboxyl typically
causes a decrease in the one-bond carbon-carbon coupling and
may similarly produce a decrease in the three-bond coupling.
The large effect corresponding to amino deprotonation clearly
corresponds to an increase in the probability of the confor-
mation with C-2 and C-5 anti, similar to the effect observed
in aspartate.

The results obtained illustrate the primary difference which
exists in the interpretation of 3Jcc couplings and 3Jyy cou-
plings: the large substituent effects which clearly must be taken
into account before conformational predictions can be made
on the basis of 3J ¢ couplings. Thus, a set of 3Jcc gauche and
anti coupling constants generally applicable to the amino acids
cannot be deduced. However, the predictions of the theoretical
finite perturbation theory calculations appear to be particularly
useful since the deduced rotamer populations are in good
agreement with literature values. It thus appears that the ap-
proximations inherent in keeping only the Fermi contact term
and in making the INDO approximation may be most serious
for the 2/ ¢ values and least serious for the 3Jcc calculations.
The conformational data obtained from the analysis of the
3Jcc values suggest that this technique may be useful for an-
alyzing the conformation of labeled amino acids incorporated
into peptides. Indeed, attempts along this line have already
been made.!”
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