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mass spectral data. In addition, elimination of manual
interpretation and manual instrument control would
permit all necessary experiments to be performed on a
single aliquot of sample. This would allow complete
structural analysis of considerably smaller sample
quantities (potentially <l ug total mixture) thus con-
serving precious samples.

Experimental Section

High resolution mass spectra were obtained utilizing a Varian-
MAT 711 mass spectrometer operated at an ionizing voltage of
70 eV, an ionizing current of 1.6 mA, and a scan rate of 22 sec/de-
cade at a nominal resolving power of 10,000. LEV spectra were
recorded at an ionizing voltage of 13.5 eV (uncorrected). This
value was determined (utilizing standard samples of estrone, estrone

methyl ether, and estradiol) to yield only molecular ion peaks
in the molecular ion region of estrogens (above CigH,8). First
field-free region metastable ions were analyzed on the Varian-
MAT 711, with additional metastable ion data collected utilizing
a Varian-MAT 311 (second field-free region) (see Acknowledgment).

The computer times mentioned above are those for an IBM
360/50 at the Stanford Medical School’s ACME facility, a com-
puter which is four to five times slower for this program than the
computer utilized in a previous study IBM 360/67).8

Acknowledgment. We are indebted to Dr. A. L.
Burlingame, Space Sciences Laboratory, University of
California, Berkeley, for making available to us time
on a Varian-MAT 311 mass spectrometer for deter-
mination of some of the metastable ion data obtained
for mixtures A-C.
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Abstract:

The nuclear magnetic resonance vicinal coupling constants for histidine and im-benzyl-, N-acyl-, and

O-methylhistidines have been obtained in deuterium oxide solutions at acidic, neutral, and basic pH. Equations
used in calculating relative rotamer populations have been derived which include terms for the functions of dihedral
angles, substituent electronegativities, and orientation in vicinal coupling. A model is presented in which the
rotamer populations of histidine and its derivatives are determined by an electrostatic interaction between the
carboxylate anion and the imidazole ring, which stabilizes the conformation in which these groups are in close

proximity.

IAS a result of our interest in the solution structure
of histidine analogs and peptides which contain
these analogs,? we have reexamined the proton mag-
netic resonance data concerning histidine and histidine
derivatives. An understanding of histidine confor-
mations and the relative importance of the interac-
tions which determine these orientations were found
to be important in problems of peptide secondary and
tertiary structure.? Proton magnetic resonance tech-
niques are particularly well suited to an investigation
of these questions. Previous papers have described
the relative populations of rotamer conformations?
of histidine and factors which affect the energy differ-
ences.* Others have noted the variations of pmr’
and '3C nmr® parameters with pH and have attempted
to correlate these with electronic structure. Pmr
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studies attempting to describe the structure of the low
energy histidine rotamer require assignment of the
frequency of the S-methylene hydrogens. The chem-
ical shift differences of these protons are small and
the reasons given for the assignments have not been
convincing.®8 As a result of this difficulty, the con-
formation of the preferred histidine rotamer has not
been established.

Solid-state conformations as determined by X-ray
crystallography® indicate that energy differences sepa-
rating conformers are comparable to the hydrogen
bonding and packing energies in the crystal. A
unit cell of L-N-acetylhistidine contains both an open
(imidazole and carboxylate groups are trans) and closed
(adjacent) conformation. As the identification of the
preferred amino acid conformer is necessary for ap-
plication to problems of peptide solution structure,
we have examined this aspect in the pmr studies in
this paper.

Work with histidine analogs?® in which the 4-
imidazolyl ring was replaced by the stable free radi-
cal 1,3-dioxy-4,4,5,5-tetramethyldihydro-2-imidazoloyl
showed electron spin resonance line broadening as-
sociated with low rotation rates!® when the carboxyl
group was in the anionic form. On protonation esr

(8) K. D. Kopple and M. Oshnishi, J. 4mer. Chem. Soc., 91, 962
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Table I. Pmr Data for Histidine Derivatives at 23°, Coupling Constants (Hz)
Compd no. Species in solution® vg — vg'? Jas’ Jag'® Jag Jug — Jag’

1 NH;* ImH* COOH 0 6.4 6.4 0

2 AcNH ImH* COOH 10.8 15.0 5.4 7.8 2.3

3 NH;* BzImH™ ¢ COOH 0 6.7 6.7 0

4 BocNH® BzImH* COOH 0 6.6 6.6 0

5 NH;* ImH* CO.CH;, 0 6.7 6.7 0

6 NH, Im CO,CH; 0 7.2 7.2 0

7 NH;* ImH* CO0- 0 6.7 6.7 0

8 NH,* BzImH* COO- 14.2 14.6 4.7 8.1 3.4

9 NH;* Im COO- 0 6.5 6.5 0
10 BocNH BzImH* COO~ 23.4 15.0 3.9 9.1 5.2
11 AcNH ImH* (6(0]0 17.3 15.0 4.4 9.0 4.6
12 NH; Im COO- 20.0 14.6 4.7 8.4 3.7
13 BocNH BzIm COO- 33.0 15.0 2.8 10.0 7.2
14 NH;, BzIm COO~ 31.2 14.4 4.3 9.1 4.8
15 AcNH Im COO~ 16.0 15.0 4.1 9.7 5.6

¢ All solutions were prepared in D;O at approximately 0.15 mmol/ml; the columns represent the functional substitution of the amino,

imidazole, and carboxyl groups of histidine. ® Hz at 100 MHz.
indicated here as the 3’ hydrogen.

spectra characteristic of rapidly interconverting isomers
were observed. It was postulated?® that an intra-
molecular ion-dipole association between the car-
boxylate and nitronyl nitroxide functions forms a
cyclic conformer which slows the rate of interconver-
sion. The analogy between these esr spectral changes
and the variation of the pmr C,H-CzH, coupling con-
stants discussed in this paper has been noted.?®

In general, the methine and methylene protons of
histidine appear as an A,X pattern at low pH and as
a l2-line ABX pattern at high pH and the variation
of the histidine anion pmr spectra with temperature
and concentration has been correlated with the solvent
dielectric constant.* While this indicates that hydrogen
bonding and electrostatic interactions may be important
factors influencing conformer equilibrium, they have
not been included in assumptions used to identify the
preferred conformation. Previous detailed analyses
of the proton magnetic resonance solution spectra
have relied on analogies with related compounds®?®
or assumptions concerning steric repulsions5 to
make critical conclusions concerning rotamer identity.
In this investigation, the pmr spectra of histidine and
im-benzyl-, N-acyl-, and O-methylhistidines were ob-
tained in deuterium oxide solution at different pD
values. It was concluded from these data that the pri-
mary influence determining rotational stability of
histidine derivatives is an electrostatic interaction
between the carboxyl group and the imidazole ring.

Experimental Section

Acetyl-L-histidine,  rert-butyloxycarbonyl-im-benzyl-L-histidine,
and L-histidine methyl ester hydrochloride were obtained from
commercial sources and were of the highest purity. Their melting
points were in agreement with known values and they were homo-
geneous according to thin-layer chromatography, electrophoresis
at pH 1.85, and pmr. The im-benzylhistidine was prepared from
the terr-butyloxycarbonyl-im-benzyl derivative by dissolving in
anhydrous trifluoroacetic acid. Evaporation yielded the dipositive
im-benzylhistidine ion which appeared as a single spot on electro-
phoresis.

The pmr spectra were recorded on a JOEL JMN-4H-100 or a
Varian Associates A60-A spectrometer. The coupling constants
were calculated from spectra taken on the 100-MHz instrument at
23°.  Amino acid concentrations were approximately 0.15 mmol/
mlin D;O. The methy! resonance of fer-butyl alcohol was used as
an internal reference (2% v/v) with an internal lock. The pD of
these solutions was adjusted using trifluoroacetic acid and sodium
deuteroxide solutions in DyO. The ionic species inferred from the

¢ The low field methylene proton has the smaller coupling constant and is
¢ BzImH* = monoprotonated im-benzyl-4-imidazolyl.

¢ Boc = tert-butyloxycarbonyl.

solution acidity were consistent with the chemical shift values ex-
pected for the respective ionic states.?»5s.11 The values reported
here are in agreement with previously reported values taken under
similar conditions with 60-MHz instruments, 36.52

Results

In general, the spectra showed sharp lines although
those taken in the pH range of 7-10 were broadened.®®
All spectra were considered to be second order and
were analyzed by reported procedures.!? The spectra
of histidine dipositive (1) and zwitterions (9), the
tert-butyloxy-im-benzyl positive ion (4), and the methyl
ester at acid and basic pD’s (5 and 6) show all of the
characteristics of A,X spectra. Those of the im-
benzyl dipositive ion (3) and the monoprotonated
histidine zwitterion (7) showed some broadening of
the central peak in the X region and of the upfield
peak in the A, region while showing seven resolved
peaks so that no further analysis could be undertaken.
The methylene chemical shift differences and coupling
constants for the 15 structural and ionic histidine deriva-
tives are presented in Table 1. The pK, values of
histidine are 1.77, 6.10, and 9.18 in water at 25°.1%
The pmr spectra of 1-5 were taken at pD 0.5; 7, 8, and
10atpD 4; 9atpD7.5; and 6and11-15atpD 12. A
correlation between the magnitude of the J,5 — J,4 cou-
pling constant difference and the chemical shift difference
of the 8-methylene hydrogens, v — vy, was apparent
from the data in Table I. This s plotted in Figure 1.

Discussion

The coupling constant differences between J.q
and J,z of a C.HXY-CsHH’Z unit are dependent
on the coupling constants of the individual C,HXY-
CsHH'’Z rotamers and the relative populations of
these rotamers. The rotamer coupling constants are
functions of C,H-CzH and C,H-CgH’ dihedral angles,
the electronegativity of the XY and Z substituents,
and the orientation of these substituents. These
functions can be approximated so the relative rotamer
populations may be calculated from coupling constant

(i1) C. C. McDonaid and W, D, Phillips, J. Amer. Chem. Soc., 91,
1513 (1969).

(12) 1. W. Emsley, J. Feeney, and L. H, Sutcliffe, *‘High Resolution
Nuclear Magnetic Resonance Spectroscopy,” Pergamon Press, New
York, N. Y., 1965.

(13) J. P, Greenstein, J. Biol. Chem., 93, 479 (1931).
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Figure 1. A plot of vicinal af-coupling constants against 3-
proton chemical shift difference of histidine derivatives.

data. As this work is directed toward identification
of the stable histidine conformer, the relative popu-
lations are correlated with the known structural proper-
ties of the histidine derivatives to indicate which mech-
anism of conformational stabilization is operating.

In this series, the identity of the bound atoms on the
C.HXY-C,HH'Z fragment was not changed so varia-
tion in the internal bond angles and interatomic dis-
tances was not considered. As there is no evidence
that amino acids tend to exist in stable configurations
in aqueous solutions, the pmr spectra are taken to
be time averaged and the chemical shift and coupling
constants are determined by the conformational
equilibria of the asymmetric amino acids. Where the
contributing equilibrium is between rotational states,
the energy difference between the staggered and
eclipsed conformations is sufficiently large so that only
the sterically favored staggered rotamer contributes
to the pmr spectrum.!* The sum of the mole fractions
of the rotamers indicated in Figure 2 is equal to one.

Application of these principles relates the observed
vicinal coupling constants J,s and J,s to the coupling
constants of the individual gauche (G) and trans (T)
rotamers of Figure 2 through eq | and 2. The differ-

Jog = nde, + mdry + nndeny =
ms; — Jou) + mlry — Jou) + Jou (1)
Jog = mJy, + miJer, + nudery, =
mJr, — Jony) + mnlery, — Jory) + Jom  (2)

ence in the mole fraction x1, 11, and ny11 is a function
of the free energy difference between the respective
rotamers as shown ineq 3 and 4.

ni/n = eTAFI-nU/ED) 3)
App/nn = e—AFI-1/RT) )

The chemical shift difference between the 8-methylene
hydrogens may also be dependent on the relative rota-
mer populations. As shown in Figure 1, a fairly
good correlation exists between these chemical shift
difterences (vs — vg) and the vicinal coupling con-
stant difference Jos — Jos. It appears, then, that the
B8 chemical shift difference for histidine derivatives is
approximately related to the rotamer populations as

(14) S. Mizushima, *‘Structure of Molecules and Internal Rotation,”
Academic Press, New York, N, Y,, 1954,

Im Im Im
«@ N C «@ N C
3 3 o1 ol 8 3
C N a
I 11 10t

Figure 2. Newman projections of the staggered conformations of
histidine where the a-amino, carboxyl, and proton substituents are
indicated by N, C, and « and the 8 carbon imidazole and geminal
protons by Im, Sand 3’.

shown in eq 5 and 6 and the chemical shift difference

vg = vo + n(He + Nt + Co) +

ni(Hr + Ng + Cg¢) + mu(He + N + Cr) (5)

vg = vg + m(Hp 4+ Ngr 4+ Co/) +
niu(Her + Ng» + Co) + nin(Her + Noo + Cor)  (6)
in eq 7. The substituent effects are denoted H, N,

Vg — Vg = I’ZI(HG—HT/ + NT—NG/) +

mi(Hr-Hgr + Co-Cr) +

ni(Ne-Np + C—Cgr)  (7)
and C for the proton, amino, and carboxyl substituents
of the « carbon and the orientations gauche and trans
to the relevant 8 protons are shown by the subscripts
G and T. The substituent effects for protons are not
expected to change significantly with small variations
in dihedral angles!® so that functions gauche to both
Cs protons may be taken as equal even though the
respective dihedral angles may differ somewhat. That

is, Cs—Cg’, Ng—-Ng/, and Hg-Hg- are taken as zero.
It has been shown?®* that if Jus = Jaue When np =

ni, then vg — vy = 0, when nr = 1/; so that the
coupling constants observed at vz — vy = 0 are Juy
values. However, if the substituent effects for the

amino and carboxyl groups were the same [Ng-Nr
= Cg—Cr), then J; = Jy in rotamers I and II and the
relation will not hold. The chemical shifts of geminal
methylene protons adjacent to an asymmetric center
are not necessarily equal even when rotamer populations
are equal (vo = vo’). This asymmetrically induced
difference does not appear to be significant in aqueous
solutions of histidine derivatives as a number of spectra
appear as A,X patterns.

The effects of substituents on the chemical shifts
are dependent upon electric dipole moments, magnetic
susceptibility, anisotropy, and, to a lesser extent, van
der Waal’s interactions. Specific solvational inter-
actions are also important in rigid systems.'” The
manner in which these substituent and solvational
effects vary with their orientation to a vicinal proton
is not well defined. Orientational variations of sub-
stituent effects on coupling constants, however, are
significantly less complicated and may be calculated
with reasonable accuracy using known relationships.!®
Calculation of the gauche and trans coupling constants
(/e and Jr of eq 1) for each of the contributing confor-
mations leads to a determination of the relative
rotamer populations. Three factors have been identified

(153 R. F. Ziircher, Progr. Nucl. Magn. Resonance Spectrosc., 2, 205
(1967).

(16) G. M. Whitesides, J. P. Sevenair, and R. W. Goetz, J. 4dmer.
Chem. Soc., 89, 1135 (1967).
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as influencing the vicinal coupling constants, the di-
hedral angle between the coupled vicinal protons,Y
the electronegativity of substituents on the HCCH
fragment,’® and the orientation of the electronegative
substituent with respect to the coupled protons.*®

The angular dependence of coupling for a C.HXY-
CsHH'Z fragment is described by the Karplus equa-
tion” (eq 8). The values for the constants A4, B,

Juw = A + By cos? ¢ 0°>¢ > 90°
= A+ Bycos2¢ 90° > ¢ > 180°
Juw = (4" + B¥ cos? ¢)(1 + DAx) (8b)

and B, were calculated for the NH,#*RCH(CHR)COO~-
fragment by Abraham and McLauchlan® where B
= 10.5 and B, = 13.7; A was assumed to equal zero.
The ratio of the constants was determined by fitting
the shape of the cos? ¢ function to the observed data,
and the magnitude of the constants was a function of
the XY and Z substituent electronegativity as shown
in the generalized form (8b),” where A* and B* are
the 4 and B values of Abraham and McLauchlan un-
corrected for electronegativity effects and D weighs
the influence of the substituent electronegativity Ax.
Any error in estimating the values of these constants
is minimized as the solution of eq 8 is most sensitive
to changes in the angle ¢.

The effect of substituent electronegativity on vicinal
coupling constants has been estimated by eq 9 for sub-

(8a)

6
Juy = 18.0 — 0.803°E, )

i=1
E;, = 0.684%;,, + 1.78 (10)

stituted ethanes.*® The group electronegativity E,
is calculated from the chemical shift difference between
the methyl and methylene hydrogens éi,s for an i
substituted ethane.?! It is difficult to apply these
equations to amino acids as the ethane fragment is
polysubstituted with ionic functions for which group
electronegativity values are not reported. We have
therefore utilized the calculated amino acid charge
density distributions of Del Re, Pullman, and Yone-
zawa’ in lieu of group electronegativities. These workers
related the calculated carbon and hydrogen charge
densities, Q¢ and Qu, to chemical shift by eq 11 where

fu = —9.92Qc + 133.93Qu + K (11)

K is determined by the reference frequency used. One
can therefore calculate a set of terms dcm, — SceuxY
and 8cu, — dcsmz Which is equal to the sum of &,
terms in eq 9. Using the same parameters of eq 9,
10, and 11, the calculated average coupling constant
values may be obtained from eq 2.

Je = 1331 — 73.26(Qx + Ou®) —
543(Qc* + 2% (12)

(17) M. Karplus, J. Chem. Phys., 30, 11 (1959).

(18) R, E. Glick and A. A, Bothner-By, J. Chem. Phys., 25, 362
(1956).

(19) (a) K. L. Williamson, J. Amer. Chem. Soc., 85, 516 (1963);
(b) D. H. Williams and N, S. Bhacca, ibid., 86, 2742 (1964).

(203 R. J. Abraham and K. A, McLauchlan, Mol. Phys., 5, 513
(1962),
( éé}; J. R. Cavanaugh and B. P. Dailey, J. Chem. Phys., 34. 1099
1 .
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The average of the calculated values for the seven
histidine derivatives of Table I which show no rotational
orientation is 6,71 Hz with an average difference of
0.17 Hz. The seven observed values average to 6.68
Hz. The calculated J.v values for the oriented deriva-
tives are significantly higher (0.2-0.9 Hz) than the ob-
served Yy (Vo5 + Jagr) cOnstants.

The electronegativity of the substituents increases
as the substituents are protonated so that some decrease
in the average coupling constants is expected. The
calculated J, values for histidine anion and its diposi-
tive ion are 7.3 and 6.5 Hz, respectively, indicating
that a decrease of less than 1 Hz is produced on protona-
tion. The small electronegativity effect in amino
acids has been suggested by a number of observations.
Both 13C and proton chemical shift data for the «
position®!! indicate that there is little charge density
variation on ionization of the amino acid. This
may result from the fact that substitution of a number
of electronegative groups on an HCCH fragment
appears to attenuate the electronegativity effect on
proton-proton splitting. 22

In the individual rotamer, the magnitude of the sub-
stituent effect on the Jg and Jr values is dependent on
the orientation of the coupled protons. It has been
reported that the influence of a substituent on a gauche
coupling constant is significant only if the substituent
is trans and coplanar to one of the coupled protons.23
This was described more quantitatively in Pachler’s
calculations®* of coupling constant variations with
rotation of the carbon-carbon bond in fluoroethane.
The gauche and trans vicinal coupling constants Jg,
(F trans) and Js, (F gauche) differ from their ethane
counterparts by —1.0 Hz and +0.6 Hz, respectively.
The calculated fluoroethane Jr, differs from ethane
by —1.4 Hz. If it is assumed that these substituent
electronegativity to coupling constant ratios are linear
as in eq 9, then the electronegativity effect on an aver-
aged coupling constant may be calculated using the
generalized Karplus equation, eq 13, where Ax is the

Jov = Jza.vu(1 + DZAX) =
(4" + Bicos? ¢)(1 + DSAx) D = —0.09 (13)

calculated electronegativity difference shown in Table
II. The gauche and trans coupling constarts may be

Table II.  Substituent Electronegativity Values

Substituent Group electronegativity Ax
H 2.15¢ 0
NH; 2.91= 0.76
NH,* 3.66° 1.51
COOH 2.60° 0.45
CO0O~ 2.48 0.33
Im 2.550 0.40
ImH* 2.73¢ 0.58

e From J. R. Cavanaugh and B. P. Dailey, J. Chem. Phys., 34,
1099 (1961). ¢ Calculated from the charge density values of Del
Re, et al.,ref 7, usingeq 9and 12. ¢ Estimated by authors.

(22) P. Laslo and P. v. R, Schleyer, J. Amer. Chem. Soc., 85, 2709
(1963).

(23) (a) H. Booth, Tetrahedron Lett,, 411 (1965); (b) R, J. Abraham,
L. Cavalli, and K. G. R. Pachler, Mol. Phys., 11, 471 (1966).

(24) K. G. R, Pachler, Tetrahedron Lett., 1955 (1970).
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Table ITI. Calculated Coupling Constants and Rotamer Populations of Histidines
Obsd® vicinal Caled?
Compd ) ~————coupling, Hz——  Jay,  —Series 1° Jag’ > Jag— —Series 24 J,g > Jog—
no. ~———Species in solution——— Jiow fietd Jhigh field Jov Hz ny ni Hi1x Ay ni T
1 NH;* ImH* CO,H 6.4 6.5 0.35 0.35 0.30 0.35 0.35 0.30
2 AcNH ImH* CO:.H 5.4 7.8 7.0 7.0 0.43 0.24 0.33 0.24 0.43 0.33
3 NH;* BzImH* CO,H 6.7 6.5 0.37 0.36 0.27 0.36 0.37 0.27
4 BocNH BzImH* COH 6.6 7.0 0.32 0.32 0.36 0.32 0.32 0.36
5 NH,* ImH* CO.CH; 6.7 6.5 0.37 0.36 0.27 0.36 0.37 0.27
6 NH, Im CO.CH; 7.2 7.2 0.36 0.36 0.28 0.36 0.36 0.28
7 NH7  ImH* CO,~ 67 6.6 037 037 02 033 036 0.31
8 NH;* BzImH* CO;~ 4.7 8.1 6.4 6.6 0.49 0.21 0.30 0.18 0.45 0.37
9 NH;* Im CO,~ 6.5 6.7 0.35 0.32 0.33 0.32 0.32 0.36
10 BocNH BzImH*  CO,~ 3.9 9.1 6.5 7.1 0.51 0.12 0.37 0.09 0.50 0.41
11 AcNH ImH* CO;~ 4.4 9.0 6.7 7.1 0.50 0.15 0.35 0.13 0.49 0.38
12 NH, Im CO;y~ 4.7 8.4 6.6 7.3 0.44 0.17 0.39 0.14 0.43 0.43
13 BocNH  Bzim COg~ 2.8 10.0 6.4 7.3 0.56 0.04 0.40 0.00 0.55 0.45
14 NH; BzIm CO;~ 4.3 9.1 6.7 7.3 0.51 0.15 0.34 0.11 0.48 0.41
15 AcNH Im CO,~ 4.1 9.7 6.9 7.3 0.54 0.13 0.33 0.09 0.53 0.38
¢ In DyO. ? Calculated using eq 12 or 13, ¢ ny, 5111, and s calculated from eq 16 and 17 with ¢ag! = 295°, ¢ag!!l = 185°, ¢pag!ll =
60°, papl = 175°, daptl = 65°, ¢og I = 300°. ¢ ny, nt11, and nn calculated from eq 16 and 17 with ¢ag! = 300°, ¢ag!® = 180°, ¢ag!ll =

60°, pagl = 180°, paptl = 60°, ot = 300° for compounds with anionic carboxy! functions.

(x;) H

H x) (X) (Xz)

H (X;) (X,) (X

(X;) H

Figure 3. Newman projections showing gauche coupling where
the substituents are oriented gauche (x.) and trans (x;) to the
coupled protons and trans coupling where the substituents must
be oriented gauche (1) to the coupled protons.

calculated from eq 14 and 15. The equations of Pach-

Jg = Jc,“(l —+ aZAXi ~+ bZAXj) a = 0.13
1 7
b= —035 (14)
Jr = el + cTAx) ¢ = —006 (15
k

ler?* were used to calculate the parameters a, b, and
¢ which weigh the effect of the electronegativity differ-
ence of substituents gauche to a gauche HCCH unit
(Ax,), trans to a gauche HCCH unit (Ax;), and gauche
to a trans HCCH unit (Ax;), respectively (Figure 3).
The generalized eq 13 is in fair agreement with that
calculated by Karplus,” where the value of D = !/s(a
+ b + ¢) was given as —0.07.

The equations presented thus far may be combined
to give eq 16 and 17 for af and «f’ vicinal coupling

Jag = ni(l + alAxd + bAx; ) B1® cos? pos') +
mi(l + cAx D) (By" cos? ¢qs'l) +
(1l + alx M + bAx;ITD)(Br® cos? ¢ttt (16)
Jagr = ni(l + cAxil')(B® cos? dos’’) +
n(l 4+ adx,1V + bAx A )BL® cos? ¢as'l) +
(L + aAx 1 + bAx ) (Bye cos? ae')  (17)
constants which contain terms for the dihedral angle,
substituent electronegativity, and substituent orienta-
tion. The term Ay,! refers to those substituents gaqche
to the gauche vicinal « and B protons and Ax! to
those gauche to the gauche vicinal « and B8’ protons

in rotamer I. The other Ax terms are defined analo-
gously. The B,* and B,* symbols are the B, and B:

values of eq 8 not corrected for electronegativity effects;
B = 13.2Hzand B,* = 17.4 Hz.

The dihedral angle may be approximated from as-
sumptions about the factors influencing rotamer
orientations. Nonbonded repulsion between bulky
groups appears to increase the dihedral angle by about
5°;16.25 electrostatic attractions are assumed to de-
crease the angle by the same amount. The calculation
of the relative rotamer populations is most sensitive
to changes in the dihedral angle ¢, and less dependent
on the estimated values of B4, B,*, and electronega-
tivity terms. A three-degree variation in the dihedral
angle ¢! produces a change up to 197 in the relative
rotamer populations. The same population change
would be calculated from a 2.3 Hz (20%) change in
B, or a 209 change in the substituent electronega-
tivity factor (1 + aAx,! + bAx,!)ineq 16.

The relative rotamer populations ni, nrp, and am
were calculated from eq 16 and 17 as shown in Table
III. The determination of the predominant histidine
rotamer depends on the assignment of the high and
low field B-methylene hydrogens to the g8 and 8’ pro-
tons of Figure 2. Assignment of the high field methyl-
ene proton which has the larger vicinal coupling to
the 4’ proton results in #1 having the larger relative
population. Reversing this assignment gives a pre-
dominant nr rotamer. In previous discussions of
histidine rotamer isomerization, the former assignment
has been made on the basis that the carboxyl function
has a larger steric requirement than the amino group.?
It follows that the rotamer with the carboxyl group
trans to the imidazole ring would predominate. The
rotamer populations of series 1, Table I1I, were made
using this assignment with ¢ angles estimated from
probable nonbonded interactions.

The rotamer populations of series 2, Table III,
were based on the assignment of the larger vicinal
coupling to the af protons. The resulting predom-
inant rotamer, ni;, has the amino group trans and the
carboxyl function gauche to the imidazole ring_ for com-
pounds that show rotational isomerism. This assign-
ment is rationalized on the basis of an electrostatic

(25) E. 1. Snyder, J. Amer. Chem. Soc., 88, 1165 (1966).
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attraction between the polar imidazole ring and the
carboxyl anion when these are in a gauche orientation.

Several approaches have been made to distinguish
between these two assignments. Assumptions have
been made concerning the steric requirements of the
substituents,*% and analogies between the assign-
ments of histidine and malic acid have been made?®
and questioned.® The ambiguity of these arguments
has been acknowledged.®® In general, these argu-
ments have urged the assignments used in the series I
calculations. The approach utilized here is to examine
a sufficiently diverse series of derivatives so that one
of the assignments is rendered untenable.

The ¢as and ¢, values for the series 1 calculations
were estimated by assuming that steric and ion-ion
repulsions were the dominant influences on rota-
tional isomerism. Exclusive consideration of steric
interactions would give the relative rotamer popula-
tions n1 > ni1 > npn as the steric requirement of the
carboxyl group is greater than the amine. The nn
rotamer, with both of these substituents gauche to the
imidazole, would be least favored. However, it is
difficult to rationalize the calculated rotamer popula-
tion for the extended series on the basis of these assump-
tions. For example, the ester derivatives 5 and 6
appear to be sterically similar to the histidine ions 1
and 7; if so, the ester 6 should be similar to 12, but the
relative rotamer populations of 12 differ markedly.
Phenylalanine has steric requirements which are sim-
ilar to those of histidine. In contrast to histidine,
however, little difference in rotamer population is
observed on conversion of the dipolar ion to the anion. 28

The significantly increased steric factors present in
tert-butyloxycarbonyl-im-benzylhistidine should de-
crease the population of the most sterically hindered
nir rotamer.  The calculated nypr population of 0.40
for the anion 13 does not agree with this estimate.
In general, the nir populations for compounds in
series 1 which show rotational isomerism tend to be
significantly greater than the 11 (trans amine-imidazole)
rotamers although they are sterically more hindered.
This indicates that the system is relatively insensitive
to steric effects and that some other cause must be
provided for the conformational stability of the nn
conformation.

Electrostatic repulsion also appears to be a minor
factor in determining residence times of histidines.
Compounds 1, 3, and 5 are dipositive ions and should
favor a conformation where the ammonium ion and
the protonated imidazole are separated. None of
these compounds show rotational stability. This
lack of preferred conformations is in contrast to the
cysteine dinegative ion which has 8vge = 22.3 Hz in
aqueous solutions.® Here both steric and electronic
factors are complimentary.

The common features of the structures in Table 111
suggest that an attractive interaction between the car-
boxylate anion and the imidazole ring may be the
primary determining factor in rotamer stability. The
¢qs and ¢, values of series 2 calculations were made
using this assumption. It follows from this assump-
tion that the favored conformer would have the car-
bo?(yl group and the imidazole ring in closest prox-
imity consistent with the minimum nonbonded inter-

(26) J. R. Cavanaugh, J. Amer. Chem. Soc., 89, 1558 (1967).
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actions so that the relative rotamer populations should
be nir > nmr > ni. This order of population is ob-
tained in series 2 by assigning the upfield resonance
to the § hydrogen and, consequently, that the J.g
coupling constant be greater than J,q.

Ion-ion interactions are possible in acylated amino
acid zwitterions 10 and 11, as well as ion-dipole inter-
actions in anions 12-15. All of these compounds
show a high population of the #;r isomer and a low
population of the »#1 isomer. The lack of high rotamer
stability of the zwitterion derivatives 7, 8, and 9 in-
dicates that the interaction between the anion and the
imidazole ring may be superseded by the attractive
interaction between the carboxylate and ammonium
ions. The carboxylate anion may interact with either
the ammonium ion or the protonated imidazole ring
in compounds 7 and 8. The spectrum of 7 shows some
distortion of the A,X pattern but was not sufficiently
resolved to be analyzed. Compound 8 shows a prefer-
ence for the nn conformer. The difference may be
attributed to an increased steric bulk of the im-benzyl-
imidazole ion in 8.

Intramolecular hydrogen bonds in aqueous solu-
tions have been observed in a number of systems.
Changes in molecular conformations of allohydroxy-
proline anion? and serine® have been explained in this
way. The preferred conformation of serine has the
B-hydroxyl group gauche to both the amino and car-
boxyl functions as indicated by pmr? and X-ray diffrac-
tion studies.?® Other systems which show intramolec-
ular hydrogen bonds in aqueous solutions are 5-
hydroxy-1,3-dioxanes® and 2-methoxyethanol.’! It
appears that water is not very efficient at interrupting
intramolecular bonding perhaps because its own sol-
vent-solvent interactions are stronger. 3!

The ion-dipole interaction between the carboxylate
anion and the imidazole may be rationalized on the
basis of the highly polar nature of the imidazole ring.
The dipole moment of l-methylimidazole in dioxane
of 3.8 D? is similar to I-nitropropane, for example,
where § = 3.7 D. The strong bonding interaction of
the im-benzyl derivatives 13 and 14 indicates that the
interaction is not necessarily hydrogen bonding, but
may be the different ion-dipole bond between the
carboxylate anion and the electron deficient N-alkyl-
ated imidazole ring.

Conclusion

The combination of an amine, a carboxylate ion,
and an ampbhoteric imidazole ring in a single molecule
introduces a large number of factors which influence
the conformational stability of histidine in aqueous
solution. Successful analogies between histidine and
other amino acids are difficult to make as the relative
importance of these factors are not obvious. A number
of substituted histidine derivatives have been observed
at different pH levels in order to determine the im-
portance of steric, electronic, and hydrogen bonding

(27) R.J. Abraham and W, A. Thomas, J. Chem. Soc., 3739 (1964).

(28) H. Ogura, Y. Arata, and S. Fujiwara, J. Mol. Spectrosc., 23, 76
(1967).

(29) D. P. Shoemacher, R. E. Barieau, J. Donohue, and C. S. Ly,
Acta Crystallogr., 6,241 (1953).

(30) J. S. Brimacombe, A. B. Foster, and A. H. Haines, J. Chem.
Soc., 2582 (1960).

(31) R. J. Abraham and K. G. R. Pachler, Mol. Phys., 5, 195 (1962).
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interactions. The relative rotamer populations of
these derivatives were calculated using equations con-
taining terms approximating the dihedral angle, sub-
stituent electronegativity, and orientation effects on
vicinal coupling constants. As a result of this study,
it appears that the dominant factor in this system is
the ion-ion or ion-dipole interaction between the car-

Conformation of Cyclic Peptides.

boxylate anion and the imidazolium ion or the polar
imidazole ring itself. The coupling constant and
chemical shift data have been found to be consistent
with a preferred conformation for histidine in basic
solution where the carboxyl and imidazole functions
are in close proximity. In acidic and isoelectric solu-
tions the ions show equally populated conformations.

VII.

Cyclic Hexapeptides Containing the D-Phe-L-Pro Sequence'’

Kenneth D. Kopple,* Anita Go, Thomas J. Schamper, and Craig S. Wilcox

Contribution from the Department of Chemistry, Illinois Institute of Technology,
Chicago, Illinois 60616. Received March 12, 1973

Abstract:

The cyclic peptides cyclo-(L-xxx-D-Phe-L-Pro)., where xxx is Ala, Orn, or His, were prepared and their

conformations were studied by proton magnetic resonance and model building. The effects on the peptide proton
resonances of solvent variation, addition of a stable nitroxyl, and, in one case, dilution in chloroform show that the
peptide proton of the p-Phe residue is exposed to solvent and that of the L-xxx residus is sequestered, although not

completely hidden from small hydrogen bond accepting molecules.

Rationalizable differences in peptide solvation

by the isomeric butyl alcohols were demonstrated. These observations, together with the observed vicinal coupling

constants, indicate no major differences among the backbones of the three peptides.

The proposed conformation

has the L-xxx residues extended between hairpin turns like those formed by the p-Phe-L-Pro sequence of gramicidin

S. The p-Phe-L-Pro peptide bond is trans.

thional design of peptides with structures suited to
particular functions requires predictive power for
both backbone and side-chain conformation. To ob-
tain experimental data on which to base predictions
about side chains, peptides with well-defined backbones
are necessary. Cyclic hexapeptides with C, symmetry
containing the sequence D-xxX-L-yyy, or its enantiomer,
seem likely to possess the desired rigidity.

Empirical estimates of conformational energies
indicate that the sequence D-xxx-L-yyy (or its enantio-
mer) is a particularly favorable one for a sharp re-
versal of peptide chain direction (a hairpin bend). In
making the turn, the first residue can lie in the major
region of stability (for a D residue) around ¢ = +100°,
¥ = —100°, while the second residue lies in the right-
handed helix region of stability (for an L residue) near ¢
= —60°, ¢ = —60°."~* Two such turns, connected by
two more residues, make up a cyclic peptide that can
be expected to have a stable backbone conformation.
We have investigated this system, using the sequence
D-Phe-L-Pro to form the hairpin bend. The use of
proline as the second residue introduces a further

(1) This work was supported by a U, S, Public Health Service Grant,
GM 14069, from the Institute of General Medical Sciences, National
Institutes of Health, and by a Public Health Service Career Develop-
ment Award to K. D. K., GM-47357 from NIGMS. The proton mag-
netic resonance work reported was performed at the NMR Facility
for Biomedical Studies, Carnegie-Mellon University, which is supported
by Grant RR-00292 from the National Institutes of Health.

(2) C. M. Venkatachalam, Biopolymers, 6, 1425 (1968).

(3) G. N. Ramachandran and R. Chandrasekaran in “Progress in
Peptide Research,” Vol. II, Proceedings of the Second American Pep-
tide Symposium, Cleveland, 1970, S. Lande, Ed,, Gordon and Breach,
New York, N. Y., 1972, pp 28-31; also Jadian J. Biochem. Biophys.,
9,1(1972).

(4) R, Chandrasekaran, A, V. Lakshminarayanan, U. V. Pandya,
and G. N. Ramachandran, Biochim, Biophys. Acta, 303, 14 (1973).

x: for both the phenylalanine and histidine side chains is near 180°.

backbone constraint, in that ¢ for the proline residue
is restricted by the ring structure to a narrow range
near —60°, The sequence D-Phe-L-Pro is considered
to form hairpin turns in the gramicidin S structure in-
ferred from proton magnetic resonance data.?-¢

In this work we describe the conformations, obtained
by model building in the light of pmr studies, of the
cyclic peptides cyclo-(L-Ala-D-Phe-L-Pro), (1), cyclo-
(L-His-D-Phe-L-Pro); (2), and c¢yclo-(L-Orn-D-Phe-
L-Pro); (3). A study of the analog, cyclo-(Gly-D-Phe-
L-Pro),, has been completed by Blout, Deber, and
Pease.”

The high solubility of 1 in organic solvents permitted
an inquiry into its self-association in chloroform and
an examination of the solvation of its peptide protons
by alcohols of varying steric requirements, in addition
to studies using the more usual solvents.

Experimental Section

Proton magnetic resonance spectra were obtained using the 250-
MHz spectrometer of the NMR Facility for Biomedical Research
at Carnegie-Mellon University.! Resonances were assigned to
amino acid residues in the usual manner, using spin decoupling
in frequency sweep operation.

Materials. Except for hexafiuoro-2-propanol-d», solvents for
the pmr work were commercial products used without further
purification. The dimethyl-ds sulfoxide was the nominal 100.07;
material of Diaprep Inc. Hexafluoro-2-propanol-d, was prepared
by high-pressure deuteration of hexafiuoroacetone over Adams

(5) A. Stern, W. A, Gibbons, and L. C. Craig, Proc. Nat. Acad. Sci.
U.S., 61,734 (1962). ) ]

(6) Yu A. Ovchinnikov, V. T. Ivanov, V., F. Bystrov, A, 1. Miroshni-
kov, E. N. Shepel, N. D. Abdullaev, E. S. Effremov, and L. B. Senya-
vina, Biochem, Biophys. Res. Commun., 39,217 (1970). ]

(7) E.R. Blout, C. M. Deber, and L. G. Pease, personal communica-
tion.
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