4386

Development Administration.

(2) (a) G. Herzberg,. Proc. R. Soc. London, Ser. A, 262, 291 (1961); (b) G.
Herzberg, "Electronic Spectra and Electronic "Structure of Polyatomic
Molecules’, Van Nostrand, Princeton, N.J., 1966.

(3) H. M. Frey, Chem. Commun., 1024 (1972).

(4) W. L. Hase, R. J. Phillips, and J. W. Simons, Chem. Phys. Lett., 12, 161
(1971).

(5) F. 8. Rowland, personal communication.

(6) H. M. Frey and G, J. Kennedy, J. Chem. Soc., Chem. Commun., 233 (1975).

(7) M. L. Halberstadt and J. R. McNesby, J. Am. Chem. Soc., 89, 3417 (1967).

(8) W. Braun, A. M. Bass, and M. Pliling, J. Chem. Phys., 52, 5131 (1970).

(9) R. W. Carr, T. W, Eder, and M. G. Topor, J. Chem. Phys., 53, 4716 (1970).

(10} P. J. Hay, W. J. Hunt, and W. A. Goddard, Chem. Phys. Lett., 13, 30 (1972).

(11) C.F.Bender, H. F. Schaefer, D. R. Franceschettl, and L. C. Ailen, J. Am.
Chem. Soc., 94, 6888 (1972).

(12) V. Staemmler, Theor. Chim. Acta, 31, 49 (1973).

(13) H.F. Schaefer, "The Electronic Structure of Atoms and Molecules: A Survey
of Rigorous Quantum Mechanical Results”,. Addison-Wesley, Reading,
Mass., 1972,

(14) See, for example, T. H. Dunning, R. P. Hosteny, and |. Shavitt, J. Am. Chem.
Soc., 95, 5068 (1973).

(15) For an excellent review, see J. F. Harrison, Acc. Chem. Res., 7, 378 (1974).
Note also that Harrison predicts AE to be 8.7 kcal/mol by combining ex-
perimental and theorstical data.

(16) F. B. van Duijneveldt, IBM Research Report RJ 945, 1971, Available from:
Research Library, IBM Research Laboratory, San Jose, Calif. 95193.

(17) A. Veillard, Theor. Chim. Acta, 12, 405 (1968); S. Huzinaga, "'Approximate
Atomic Functions, I'’, Department of Chemistry, University of Alberta, 1971.

(18) E. Clementl and H. Popkie, .J. Chem. Phys., 57, 1088 (1972).

(19) H.F. Schaefer and W. H. Miller, Comput. Chem., in press.

(20} For a description of the methods used, see W. J. Hunt, P. J. Hay, and W.
A. Goddard, J. Chem. Phys., 57, 738 (1972).

(21} D.B. Neumann, H. Basch, R. Kornegay, L. C. Snyder, J. W. Moskowitz, C.
Hornback, and P. Liebmann, PoLYATOM, Program 199, Quantum Chemistry
Program Exchange, Unliverslity of Indlana.

(22) |. M. T. Davldson, Q. Rev., Chem. Soc., 25, 111 (1971).

(23) V;I ;1 Atwell and D. R. Weyenberg, Angew. Chem., int. Ed. Engl., 8, 469
(1969).

(24) P. P. Gaspar and B. J. Herold, ""Carbene Chemistry”, 2d ed, W. Kirmse, Ed.,
Academic Press, New York, N.Y., 1971,

(25) 1. Dubols, G. Herzberg, and R. D. Verma, J. Chem. Phys., 47, 4262 (1967).

(26) |. Dubois, Can. J. Phys., 48, 2485 (1968).

(27) 1. Dubois, G, Duxbury, and R. N. Dixon, J. Chem. Soc., Faraday Trans. 2,
71, 799 (1975).

(28) P. S. Skell and E. J. Goldstein, J. Am. Chem. Soc., 86, 1442 (1964).

(29) O.F. Zeck, Y. Y. Su, G. P. Gennaro, and Y.-N. Tang, J. Am. Chem. Soc.,
96, 5967 (1974).

(30) P. C. Jordan, J. Chem. Phys., 44, 3400 (1966).

(31) B. Wirsam, Chem. Phys. Lett., 14, 214 (1972),

(32) P.F. Zittel, G. B. Ellison, S. V. O'Nell, E. Herbst, W. C. Lineberger, and W.
P. Reinhardt, J. Am. Chem. Soc., in press.

(83) A. H. Paklari and N. C. Handy, Theor. Chim. Acta, 40, 17 (1975).

(34) J. A. Pople, J. S. Binkley, and R. Seeger, Int. J. Quantum. Chem., Symp.,
in press.

(35) W. M. Huo, K. F. Freed, and W. Klemperer, J. Chem. Phys., 48, 3556
(1967).

Nuclear Magnetic Resonance and Conformational
Studies on Amylose and Model Compounds in
Dimethyl Sulfoxide Solution

M. St-Jacques,* P. R. Sundararajan, K. J. Taylor, and R. H. Marchessault*

Contribution from the Département de Chimie, Université de Montréal,
Montréal, Québec, Canada, H3C 3V1. Received July 8, 1975

Abstract: The 220-MHz NMR spectra of maltose, cyclohexaamylose, cycloheptaamylose, and amylose were obtained in
DMSO-d; at several temperatures up to 85 °C. Upfield migration of the signals attributed to the HO(2) and HO(3’) hydroxyl
protons was measured and interpreted in terms of an intramolecular hydrogen bond from OH(3’) to OH(2) in all compounds.
Analysis of the pertinent coupling constants provides identification of the local environments of donor and acceptor hydroxyl
groups by assigning to them a range of x(3’) torsional (dihedral) angles. Energetically favorable conformations for amylose
which satisfy these criteria are defined by steric maps and are discussed. The interpretation of the data in terms of intramolecu-
lar hydrogen bonding between contiguous residues leads to the conclusion that the same conformation is perpetuated along the
amylose chain and implies substantial right-handed helical character in this solvent.

High-resolution nuclear magnetic resonance (NMR)
spectroscopy has been used extensively to determine the con-
formational characteristics of polypeptides,!-? oligopeptides,’*
and cyclic peptides.>'* Among the pertinent information
provided by NMR for such molecules are the presence or ab-
sence of intramolecular hydrogen bonded groups deduced from
the behavior of the chemical shift with respect to temperature
or deuterium exchange and values for the torsional angles on
the backbone or side groups deduced from the vicinal coupling
constants. Such data have also been used with potential energy
calculations to propose a most probable solution conformation
for such molecules.!t15

In this work, we have sought to determine whether similar
NMR techniques will yield information on the solution con-
formation of some carbohydrates. To avoid complicated
spectra arising from compounds containing different sugars
and dissimilar linkages, we chose oligo- and polysaccharides
which contain only 1 — 4/ linked «-D-glucose as the repeating
unit: maltose, cyclohexaamylose, cycloheptaamylose, and
amylose.

At present, the short-range conformational characteristics

of amylose and related compounds with the repeating sequence
I are inferred from the crystalline conformations of maltose'®

and B-methyl maltopyranoside.!” Both of these studies reveal
an intramolecular hydrogen bond between OH(2) and OH(3")
and the latter study!” showed specifically that the OH(2) hy-
droxyl group is the donor in this interaction. (In this paper,
0O(2), HO(2), and OH(2) denote respectively the oxygen atom,
the hydroxyl hydrogen atom, and the hydroxyl group as an
entity.) The crystal structure of cyclohexaamylose and its
potassium acetate complex!® showed a similar intramolecular
interaction. A secondary structure is also proposed from X-ray
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data on amylose coupled with conformational energy calcu-
lations.!%2° By an analysis of X-ray fiber data, Winter and
Sarko?! proposed that OH(2) is the donor in V-anhydrous
amylose and in the amylose-DMSO complex.

At present, there exists a paucity of direct results aimed at
determining whether such a secondary structure actually
persists in solution, at least on a short-range basis. Although
the conformational properties of amylose in solution have been
extensively investigated, there is still debate concerning the
interpretation of much of the data and different experimental
methods have led to various models for the conformation of
amylose in water or dimethyl sulfoxide (DMSO):22-28 helical,
partially helical (or partially coiled), and random coil. Since
the methods of investigation used (hydrodynamic and light
scattering) measure dimensions characteristic of the entire
macromolecule, it can be argued that both interrupted helical
conformations or random coils can have similar overall prop-
erties even though short-range order is different.2 Accord-
ingly, in this case, evidence for an ordered conformation in
solution should be founded on a technique which is sensitive
to short-range effects.

In the last few years, peptide chemists have used the NMR
method as a probe for intramolecular hydrogen bonds. NMR
is used to delineate between protons which are solvent shielded
compared with those which are exposed to solvent. Three
methods are in active use: (a) temperature dependence of the
proton chemical shifts; (b) deuterium-proton exchange rates;
(c) titration with a weaker hydrogen-bonding solvent, The
NMR methods have been applied mostly to cyclic peptides for
which it could be shown that particular conformations can be
stabilized by intramolecular hydrogen bonds in DMSO solu-
tion.>~!'* Such associations are proposed from the fact that
certain peptide residues present one or more NH protons which
are inaccessible to this hydrogen bond accepting solvent; this
has been taken to be due to intramolecular association. A good
measure of this inaccessibility is the relative insensitivity of the
NH resonance to temperature. The other NH resonances
which can form hydrogen bonds more readily with the solvent
migrate upfield with increasing temperature and show a sub-
stantial temperature coefficient3-!4 of chemical shift. When
dé/dT = 0, the proton in question is said to form an intra-
molecular hydrogen bond. When dé/d7 is negative or greater
than the reference value observed for the model N-methyl-
acetamide, there are problems of interpretation.

Amylose and its model compounds in DMSO have been the
subject of a previous study?® at 60 and 100 MHz where the
different resonances were unambiguously assigned and their
chemical shifts reported. However, 100-MHz resolution failed
to provide accurate coupling constants (*.Jycon) for the hy-
droxyl groups of the higher molecular weight compounds; in
particular the spectrum of amylose yields little or no 3Jycon
data at 100 MHz. Casu and co-workers?® noted that for am-
ylose and model compounds two hydroxyl protons assigned to
HO(2) and HO(3’) were shifted significantly downfield (5 >
5 ppm). From this fact and the observed correlation between
infrared band widths of the OH stretching frequency in DMSO
solution and the NMR chemical shift they inferred that there
was an intramolecular hydrogen bond between OH(2) and
OH(3’) in DMSO solution.

As discussed above, intramolecular hydrogen bonds in
peptides have been identified by several NMR experiments.
However, a basic difference exists between NMR studies of
cyclic peptides and model compounds of amylose in DMSO
solution. In the former case NMR reveals mainly associations
of the type NH- - -O=C with only one amide proton donating
to a carbonyl whereas an intramolecular association between
two glucose residues linked (1 — 4) involves protons on both
OH(2) and OH(3’). Deuterium exchange rates are also not
easily measured for hydroxyl protons in DMSO as they ex-
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Table [. Selected Chemical Shifts and Coupling Constants for
Compounds 1, 2, 3, and 4 at 18 °C*?

HO(2) HO(3) H(1) HO(6)

Maltose (1) 5.46 (6.0) 5.47 (2.8)°
Cyclohexaamylose 5.55(7.0) 5.46 (2.5) 4.80(3.0) 4.53(6.0)
(2)

Cycloheptaamy-  5.78 (6.0) 5.70(2.1) 4.78 (3.0) 4.52 (6.0)
lose (3)
Amylose (4) 5.50 (6.0)¢ 5.40 (2.5) 5.10 (~3)4 4.58 (~6)¢

@ Chemical shifts are expressed in ppm from TMS and coupling
constants in Hz are given in parentheses. ® Because of signal overlap
at room temperature, the coupling constants for these two hydroxyl
groups were determined at +35 °C. ¢ Because of poor resolution at
room temperature, the coupling constants were determined at +45
°C. 4 These coupling constants were determined from the spectrum
at +60 °C which best resolved the multiplicity of the pertinent sig-
nals.

change much more rapidly with D0 than amide protons. The
fact that contradictory results sometimes arise from the ap-
plication of these two methods for peptides3© stresses the need
for an understanding of the hydroxyl--solvent interaction when
considering the possibility of intramolecular hydrogen bonds.
Therefore, in order to investigate the short-range order and to
draw conclusions as to intramolecular hydrogen bonding in
amylose and model compounds, the temperature dependence
of the HO(2) and HO(3’) signals under conditions of slow
chemical exchange (in DMSO-dg) was examined.

Experimental Section

Commercially available samples of -D-maltose hydrate (Nutri-
tional Biochemicals Corp.), cyclohexaamylose and cycloheptaamylose
(Corn Products Co.), and amylose from the Northern Regional
Laboratory of the United States Department of Agriculture (DP of
1500) were dissolved in deuterated dimethyl sulfoxide (DMSO-dg)
containing a small quantity of TMS. The concentrations used were
40 mg/ml for amylose and 100 mg/ml for the other three compounds.
Small amounts of water in the DMSO-d; did not affect the spec-
tra. High-resolution NMR spectra were recorded on a Varian Asso-
ciates HR-220 NMR spectrometer, operating at 220 MHz, located
at the Ontario Research Foundation in Sheridan Park, Ontario.
Chemical shifts were determined using the DMSO signal as an in-
termediate reference. The 100-MHz spectra were recorded on a Jeol
JNM-4H-100 spectrometer.

Results and Discussion

The 220-MHz NMR spectra of maltose (1), cyclo-
hexaamylose (2), cycloheptaamylose (3), and amylose (4) were
recorded at several temperatures up to 85 °C. Figures | to 3
show much improved resolution compared with the 100-MHz
spectra and the clearly resolved pair of doublets with chemical
shifts greater than 5 ppm provide accurate coupling constants
(3Jucon). The assignments of the hydroxyl protons HO(2)
and HO(3’) described later is in accord with previous argu-
ments.?® The spectral behavior of 3 is similar to that of 2 and
consequently is not shown.

Analysis of the low-field portion of the spectra provides
accurate chemical shifts and coupling constants for the HO(2),
HO(3%), and H(1) doublets as well as for the HO(6) triplet.
The characteristic parameters are listed in Table I. The am-
ylose spectra (Figure 3) are characterized by a larger line width
than those of the model compounds as a consequence of its
higher molecular weight and consequently its higher correla-
tion time which broadens the spectral lines. Nevertheless, it
is possible to obtain reasonably accurate NMR parameters at
several temperatures.

The spectral region between 3.25 and 3.85 ppm for cyclo-
hexaamylose contains the signals of all the ring protons except
H(1). The split triplet observed at 3.77 ppm is attributed to
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Figure 1, The 220-MHz NMR spectra of the HO(2) and HO(3’) protons
in maltose at several temperatures.
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Figure 2, The 220-MHz NMR spectra of the HO(2) and HO(3’) protons
in cyclohexaamylose at several temperatures.

H(3)3! which is coupled to H(2) and H(4) by 9.0 Hz (axial-
axial relationship) and HO(3) by 2.5 Hz. Spin decoupling
experiments at 220 MHz confirmed this assignment. Irra-
diation at 3.77 ppm caused the doublet at 5.46 ppm (J = 2.5
Hz) to collapse to a singlet while irradiation at 3.30 ppm

65° “,‘ \“
‘/A‘v’,‘
b 254z
as’ [\
J \/ \

N
° /
35 / \\/ // \
Hol2) / N o)
A

o ,'/ K
18 / \
/ \
\

\

‘ \

550 540

Figure 3. The 220-MHz NMR spectra of the HO(2) and HO(3’) protons
in amylose at several temperatures.

(H(2)) led to the collapse of the H(1) doublet at 4.80 ppm and
the HO(2) doublet (J = 7.0 Hz) at 5.55 ppm. Consequently,
it appears reasonable to generalize and identify the hydroxyl
signals as in Figures 1 to 3 whereby the doublet possessing the
larger coupling constant (6-7 Hz) is attributed to HO(2) and
the doublet possessing the smaller coupling (2-3 Hz) is at-
tributed to HO(3’) in agreement with a suggestion madein a
footnote of ref 29.

Temperature Dependence of Hydroxyl Chemical Shifts, It
is well known that when simple alcohols and many polyhy-
droxyl compounds are dissolved in DMSO, a hydrogen bond
is formed between each hydroxyl proton and the solvent as
revealed by extensive NMR and infrared studies.?%32-38
Furthermore, the observed upfield migration of hydroxyl
chemical shifts with increased temperature has been ascribed,
in part to a decrease in the strength of the solvent-solute as-
sociation, to shifts in association equilibria as well as to changes
in the degree of excitation of the hydrogen bond stretching
vibrational mode.?’

Thus for dilute solutions of alcohols in DMSO-dg, the
equilibrium ROH---HOR = ROH---0O=S(CD3); is
strongly to the right and for 8-glucose each hydroxyl group?°-38
forms a hydrogen bond with the solvent whereby the local
structural and geometrical factors are believed to be mainly
responsible for the differences in chemical shift of the various
hydroxyl protons. Our study of the temperature dependence
of the OH peaks of 8-glucose over the range 25-85 °C at 100
MHz: (Figure 4A) revealed an almost constant dé/d T value
for all hydroxyl signals. This observation suggests that the
properties of each ~OH---O=S(CDs3), hydrogen bond
change in a similar fashion for OH(1), OH(2), OH(3), OH(4),
and OH(6) even though structural factors are significantly
different especially for OH{6) which is a primary hydroxyl
group.

Sif)nilar investigations of the temperature behavior of the
OH peaks of maltose (1), cyclohexaamylose (2), cyclohep-
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taamylose (3), and amylose (4) were carried out at 220 MHz
and some of the results are shown in Figures 4B, 4C, and 4D.
In all cases, the upfield migration increased in the following
order: HO(3’) < HO(2) < HO(6). The contrast between the
behavior of glucose with that of 1, 2, 3, and 4 suggests that for
the latter molecules an additional factor contributes to the
OH(2) and OH(3’) solvent interaction viz. the favorable
geometric arrangement for an OH(2)- - -OH(3’) intramo-
lecular hydrogen bond. This factor may be expected to change
both the accessibility and the thermodynamic properties of the
interaction of these two hydroxyls with the solvent. The
characteristic type of association suggested can be depicted
ideally by either structure I1I and/or structure I11.

—c2 /613"— —ci2} cl3—
\O——H ------- Q \o rrrrrr H —o/
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Identification of the Donor Hydroxyl Group. According to
IT and I1I an intramolecular hydrogen bond between OH(2)
and OH(3’) could involve either: (i) OH(2) preferentially
donating its proton to the oxygen of OH(3’) as in II, (ii) OH-
(3’) preferentially donating its proton to the oxygen of OH(2)
as in I1I, (iii) an equilibrium involving i and ii.

Careful analysis of the expanded spectra of cyclohexaam-
ylose (Figure 2) from +18 to +85 °C has revealed that both
3JuocH values of interest are independent of temperature
within experimental error (+0.2 Hz). This observation is
compatible with the predominance of a particular local con-
formation for each secondary hydroxyl group. Coupling con-
stants for maltose and amylose could not be determined as
accurately over as extended a temperature range, but in the
interval studied there is no evidence to suggest a markedly
different behavior. Consequently, it appears reasonable to
suggest that for all compounds studied, the two 3Jyocy of
interest are characteristic of a single predominant local con-
formation for both OH(2) and OH(3’). This observation rules
out possibility iii and is compatible with either i or ii. The
identification of the donor hydroxyl group, based on an inter-
pretation of the temperature behavior of the hydroxyl peaks,
will permit a choice between i and ii as explained below.

For 1, 2, 3, and 4, the HO(3’) doublet with the smaller
3Juocu (2.5 Hz) is characterized by a smaller upfield mi-
gration than that observed for the HO(2) and HO(6) signals.
Since the temperature dependence of HO(3’) and HO(6)
differs the most (that of HO(2) being intermediate) and since
HO(6) is bonded to solvent alone, we conclude that HO(3")
is the donor hydroxyl group in accord with structure III. The
particular electrostatic effect experienced by the oxygen atom
of OH(2) could well account for the observed difference of
OH(2) compared with OH(6).

Thus our interpretation of the experimental NMR results
in DMSO solution is most compatible with structure III. It
supports the existence of an intramolecular hydrogen bond in
which OH(3") is the donor. This property is apparently similar
to the solid state interaction deduced from diffraction studies
on methyl maltopyranoside!” although the direction of the
hydrogen bond is opposite.

Estimation of the Torsional Angles x(2) and x(3"). Both
OH(2) and OH(3’) are equatorial secondary hydroxyls on
adjacent *C, chairs and yet they are characterized by markedly
different coupling constants. The main factor responsible for
the variation of 3/pgocn is the dihedral angle () which is re-
lated to values of 3/yocy through the equation:3®
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Figure 4. Temperature dependence of the chemical shifts of the hydroxyl
protons in glucose {A), maltose (B), cyclohexaamylose (C), and amylose
(D). The data for glucose (A) were obtained from 100-MHz spectra, and
the ordinate scale is proportional to that for (B), (C), and (D), which are
from 220-MHz spectra. The ordinate refers to the magnitude of the upfield
shift Av, measured in Hz, relative to the chemical shift at ambient tem-
perature.

3Juocu = 10.4 cos? 8 — 1.5cos § + 0.2 (1)

Equation 1 provides a means of estimating the approximate
torsion angle*® (x) of the H-O-C-H moiety in the predomi-
nant local conformations of both OH(2) and OH(3’). For cy-
clohexaamylose it is found that x angles of 27 and +138°
correspond to 3Jyocu = 7.0 Hz while angles of +56 and
+114° correspond to 3Jyocy = 2.5 Hz. Furthermore angles
obtained from 3Jyoch = 6 Hz, such as for amylose, are 35
and £132° while those calculated from 3/yocy = 2.0 Hz are
+60 and £110°. Since the uncertainty in each angle obtained
from eq 1 might be as much as 10° or greater,3® the small
differences observed from related coupling constants for each
compound listed in Table I do not warrant particular attention
at this point,

The experimental results show that for the donor hydroxyl
OH(3") in amylose, the following values of x(3”) are possible:
60, —60, —110, and 110°. A straightforward examination of
a molecular model shows that x(3") = 60° (V) and x(3’) =
110° (VII) can be ruled out for OH(3’) donating its proton to
O(2), because this hydrogen bond cannot be formed.

Whereas for a free hydroxyl, the value of 3/ycon is given
by the average of the three staggered conformations,? the
hydrogen-bond geometry required for OH(3’)- - -O(2)
suggests that only conformations I'V and VI are possible. The
value of 3Jycon is also influenced by the nonbonded interac-
tions with 1,3 substituents;33-34in the case of OH(3") this would
mean that the interactions between OH and neighboring atoms
in a 1,3-syn relationship might be responsible for the pre-
dominance of one conformation as revealed by the temperature
independance of 3Jycon. The x(3’) = —60° conformation
involves such a 1,3-syn interaction between the proton and the
bridge oxygen. We suggest that the most probable value of
x(3')is —110°.

St-Jacques, Marchessault, et al. /| NMR and Conformational Studies on Amylose
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Of the values +35 and £132° deduced for x(2), the result
x(2) = +35° corresponds to the minimum energy position for
HO(2) in a-D-glucose.!® This implies that when the OH(2)
group is the acceptor, the position of HO(2) is not perturbed
from that in a-D-glucose.

Conformational Calculations. Minimum energy confor-
mations of biopolymers, known to be stabilized by intramo-
lecular hydrogen bonds, can be expressed in terms of steric
maps constructed from calculation of nonbonded interactions.
Favorable overall conformations may be proposed using ex-
perimental NMR data which give estimates of x(3/).

The atomic coordinates derived from the crystal structure
data'” were used in the calculations. We assume that the glu-
cose ring geometry is fairly rigid and that a slight perturbation
is of no appreciable significance. The variable parameters
initially are the torsion angles ¢ and y around the glycosidic
bonds C(1)-O(B) and O(B)-C(4)!° (where O(B) is the bridge
oxygen atom) which is accessible to a pair of 1 — 4’ linked
a-D-glucose units. Favorable conformations are chosen which
do not have any steric overlap and in which the oxygen atoms
O(2) and O(3") are at a distance required for hydrogen
bonding. This will restrict the range of acceptable ¢, y in fur-
ther calculations.

A steric map (see ref 41 for a description of the method) for
maltose as a function of (¢, ) is given in Figure 5. Since the
positions of hydroxyl hydrogens could be different for various
(¢, ¥)’s, these atoms were not included in the calculation of

(3¢,30,7.1)
(35,40,12.51
(42,20,4.8)

10,10,2,9}
110,10,4.1)

[-1€,0,8.9)
1216,13,7.2)
(0,6,3.5

0,-32,18.3
(1C,~40,23.7)

(20,-70,47.81 (30, -70,48.5)
170,48,

Figure 6, Diagram showing the preferred values of x(3’) which give the
smallest hydrogen-bond angle, 7min, for the various (¢, ¥)’s, with 2.4 A
€ 0(2)- - -0O(3") £ 3.2 A (only rmin < 50° are shown here). The OH(3")
group was assumed to be the donor in the calculation. The solid lines
represent the x(3’) values. The numbers in brackets denote the ¢,  and
Tmin Values, respectively.

Figure 5. The conformations spanned by the area D are free
of any steric overlap, In those included in area R and L, the
O(2)- - -O(3’) distance is within the hydrogen bond limit (i.e.,
2.4 A €0(2)---0(3") £3.2 A). The areas A and B contain
minor close contacts; severe overlaps are found in area C. The
dot-dash line represents the set of ¢, Y conformations, which,
when repeated identically at every glycosidic linkage, would
lead to geometrically ideal (i.e., n-fold symmetric, where n is
the DP) cycloamyloses with various numbers of glucose resi-
dues (%, the advance per monomer, is equal to zero!9). If reg-
ular conformations of amylose are assumed to consist of
identically repeated glucose units, then conformations char-
acterized by ¢ and ¢ angles above this line constitute right-
handed helices and those below are left handed. Since we are
not necessarily concerned with regular helices, a random se-
quence of different ¢’s and y's from within the area above the
dot-dash line would also yield a right-handed, though irregular,
amylose helix. An occasional ¢, Y from the area below this line
would serve to disrupt this right-handed helix.

It is seen that there are two hydrogen-bond areas identified
by R and L, on either side of the # = O line, indicating that the
O(2) and O(3’) atoms are at a reasonable hydrogen-bond
distance in both right- and left-handed helices.

The boundaries described in Figure 5 are the result of the
selected geometry for the residues. They are somewhat flexible
and depend on the positional parameters selected for the atoms
in the residues.#? Within the approximations inherent in such
calculations, this figure depicts the mutual steric character-
istics of two contiguous residues in maltose and amylose.
Having defined the allowed sets of ¢, ¥, the probable range of
the torsion angle x(3’) was examined within this frame-
work.

Results of these calculations, with OH(3’) as the donor in
the OH(3')- - -O(2) hydrogen bond, are presented in Figure
6. The hydrogen bond angle 7 is defined as in structure VIIIL.
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A conformation defined by (¢, ) was selected from Figure §
with the restriction: 2.4 A < O(2)- - -O(3") < 3.2 A. With
this conformation for the disaccharide, the angle x(3’) was
varied from —180 to +180° (i.e., the HO(3") atom was rotated
about the O(3")-C(3’) bond) at intervals of 10° and for each
x(3'), and the hydrogen bond angle 7 (see VIII) was calcu-
lated. This enables us to arrive at the value of x(3’) which gives
the smallest value of 7(7min) for the chosen (¢, ¥). This was
repeated for all (¢, ) combinations in Figure 5 which satisfy
the hydrogen bond distance criteria.

Figure 6 shows that for the conformations in area R (in
Figure 5), the preferred x(3’) varies from —100 to —130°,
which is in the range deduced from NMR data. For the con-
formations in area A, the range of x(3") = —90 to —80° allows
good hydrogen-bond angles. This magnitude is somewhat lower
than the experimentally deduced value of —110°, but still in
reasonable agreement with the experimental x(3’) from the
value of 3Jycon. For the set of ¢, ¢ in area L, the preferred
x(3’) ranges from —70 to —60°, which is significantly different
from the value of —110° chosen earlier. Hence, it would seem
that for maltose and amylose, the experimental NMR coupling
constant data fit the conformations contained within areas R
and A in Figure 5; they imply a preferred right-handed helical
conformation.

It was suggested earlier that the value of x(3") = —60° be
eliminated from consideration because of a 1,3-syn interaction.
Referring to Figures 5 and 6, we find x(3") = —60° is preferred
for the ¢, ¢'s in area L; however, the hydrogen-bond angles in
that area are significantly higher than those for x(3’) = —110°.
Thus, on two counts, the value of x(3’) = —60° may be deemed
unfavorable.

The Conformation of Amylose in DMSO Solution. A recent
interpretation?! of x-ray data has suggested that both V-
amylose and amylose-DMSO complexes exist as left-handed
helices in the solid state with very little difference in the repeat
distance and screw symmetry between the individual helical
chains for each system. On the other hand, extrapolation of the
x-ray data on methyl maltopyranoside!” provides ¢ and ¢
angles which correspond to a right-handed helix as plotted in
Figure 5. Data from other studies are in agreement with
this. 204344 Similarly, our NMR results, which give information
about the local conformation, lead to the conclusion that suc-
cessive glucose residues in amylose are conformationally like
those in areas R and A (above # = 0) of Figure 5. When re-
peated along a chain this leads to right-handed helical segments
for amylose.

Proponents for a helical conformation in solution have ar-
gued about the specific nature of the helix. Rationalization of
hydrodynamic measurements requires an interrupted helical
structure whose overall behavior is indistinguishable from that
of a random coil. It was at first believed?3 that the helical
segments were tight (or stiff) but changes in conformation
upon complexation with iodine have led others?* to infer that
the conformation of solvated amylose must be characterized
by regions of loose and extended helices alternating with short
random-coil segments. The present experimental results allow
a range of ¢ and y for the helical segments of amylose which
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are compatible with loose right-handed helices; however, they
give no direct information on the length of these segments nor
on the overall conformation of the chain.
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