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ABSTRACT: The solution conformations of UDPG,
UDPGN, UDPGal, UDPM, UDPGluc, UDPGalc, ADPG,
ADPM, GDPG, GDPM, and CDPG and their components
Glu-1-P, Gal-1-P, Man-1-P, Gluc-1-P, Galc-1-P, ADP,
GDP, UDP, and CDP are studied by high resolution fast
Fourier transform nuclear magnetic resonance spectroscopy
with iterative computer line shape simulation. The fol-
lowing results were observed. (1) The six-membered ring is
in *C; chair form with the C(5)-C(6¢’) bond in gg = tg
equilibrium for the derivatives of glucose and mannose and
gt = tg for those of galactose. (2) No conformational pref-
erence can be detected for C(1’)-O(1’) bond in hexose-1’-P
moiety. (3) Chemical shift dependencies for the pyranoid
ring protons and their structural and conformational rela-

The derivatives of sugar are important components of bio-
logical systems and as such there has been intense effort in
the past to unravel the interplay among constitutional, con-
figurational, and conformational aspects of sugar chemistry
with a hope of understanding how these molecules are as-
sembled and transformed during cellular processes (Hall,
1964; Horton et al., 1973; Lemieux and Lineback, 1963;
Stoddart, 1971). Studies of the aqueous solution conforma-
tional dynamics of several sugar derivatives which are also
antileukemic agents (Evans and Sarma, 1975; Lee et al.,
1975; Wood et al., 1973) have shown that one could ad-
vance a conformational rationale for their mechanism of ac-
tion. In the present paper we attempt to delineate the aque-
ous solution conformation of known nucleoside diphospho-
hexoses such as UDPG,! UDPGN, UDPGluc, UDPGal,
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! Abbreviations used are: UDPG, uridine diphosphoglucose;
UDPGN, uridine diphospho-N-acetylglucosamine; UDPGluc, uridine
diphosphoglucuronic acid; UDPGal, uridine diphosphogalactose;
UDPGalc, uridine diphosphogalacturonic acid; UDPM, uridine di-
phosphomannose; ADPG, adenosine diphosphoglucose; ADPM, adeno-
sine diphosphomannose; GDPG, guanosine diphosphoglucose; GDPM,
guanosine diphosphomannose; CDPG, cytidine diphosphoglucose; Glu-
1-P, a-glucose 1’-phosphate; Gal-1-P, a-galactose 1’-phosphate; Man-
1-P, a-mannose 1’-phosphate; Gluc-1-P, a-glucuronic acid 1’-phos-
phate; Galc-1-P, a-galacturonic acid 1’-phosphate.

tions are: (a) axial proton is at higher field than equatorial;
(b) the shielding effect of a gauche vicinal hydroxyl group
is stronger than a trans vicinal; (c) the vicinity of a hydroxyl
group located more than three bonds away tends to shift the
proton downfield. (4) The conformation of the nucleoside
5’-diphosphate part is [anti, °E = 3E, g'g’ = g't’, g’g"” =
g’ /1], with slight variation of each conformation occurring
for individual compounds. (5) No significant interactions
are detected between the hexose and nucleoside parts in the
nucleoside diphosphohexoses, and the hexose and nucleoside
components display the same conformational preference as
they become integrated to form nucleoside diphosphohexos-
es.

UDPGalac, UDPM, ADPG, ADPM, GDPG, GDPM, and
CDPG and their monomeric components. They are cofac-
tors in the biosyntheses of oligosaccharides, polysaccha-
rides, glycoproteins, and glycolipids (Mahler and Cordes,
1971). The present study is undertaken with a hope that in-
vestigators in the above area will be able to relate their bio-
logical functions vis-a-vis their conformation.

Materials and Methods

The various materials used in the present study are ob-
tained from commercial sources. 'H nuclear magnetic reso-
nance (NMR) spectra of UDPG, UDPGN, UDPGal,

. UDPGluc, UDPGalc, UDPM, ADPG, ADPM, GDPG,

GDPM, and CDPG (0.1 M, pH 8.0, 30 °C) were recorded
at 100, 270, or 300 MHz in the Fourier transform mode.
Details of the instrumentation are described elsewhere
(Sarma et al,, 1973a, Sarma and Mynott, 1972, 1973). 31P
NMR spectra of these compounds were recorded at 40.8
MH2z to double check the 'H-3!P couplings. Similar experi-
ments for 5-ADP, 5-GDP, 5’-UDP, 5-CDP, Glu-1-P, Gal-
1-P, Man-1-P, Gluc-1-P, and Galc-1-P were conducted at
pH 8.0 and 5.0 at which the phosphate group is a dianion
and a monoanion, respectively. In order to detect the influ-
ence of the phosphate at the anomeric position of hexose,
a-CHas-glucose, 3-CHj-glucose, «-CHj-galactose, 3-CHs-
galactose, and a-CH3-mannose were employed for compari-
son. Analyses of the spectra were carried out using a
LAOCN III computer program. The data thus derived
were used to obtain line shape simulation using a program
developed in this laboratory. In line shape simulation, the
1976 697
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Table II: Chemical Shifts? and Coupling Constants? of the Nucleoside 5'-Diphosphate Component of the Molecules at 0.1 M, 30 °C

CompoundspH &/ 8, 8y 8 &y 8" B,0188018, Jyy Sy Sy Tl Sy z'c Jog Jop Jotp zd Jpp
ADP § 2917 1.561 1.441 1.214 1.099 1.048 4.954 5294 50 52 45 26 34 6.0 -12.8 5.5 52 107 1.8
ADP 5 2913 1.559 1.378 1.226 1.088 1.054 4971 5.274 55 52 38 35 25 60 -12.8 5.0 5.0 10.0 2.2
GDP 8 2726 1.517 1.420 1.156 1.067 1.029 4926 50 5.1 48 2.5 35 6.0 —-12.8 5.8 58 11.6 2.0
GDP 5 2.742 1.565 1.358 1.182 1.048 1.040 4925 57 52 36 35 35 7.0 -12.0 47 47 94 1.8
UDP 8 2.777 1.202 1.256 1.077 1.054 1.034 2.783 4.803 4.0 5.2 51 2.8 3.0 58 ~-119 55 55 11.0 2.6
UDP 5 2.803 1.206 1.186 1.093 1.048 1.003 2.777 4.768 4.4 53 50 2.1 31 52 -11.9 4.5 45 9.0 2.5
CDP 8§ 2.785 1.140 1.239 1.079 1.070 1.061 2.936 4.797 3.6 52 56 3.1 3.1 62 -119 54 54 10.8 2.6
CDP 5 2795 1.147 1.183 1.105 1.094 1.016 2.979 4.828 3.6 5.2 52 29 29 58 -11.9 5.1 51 10.2 2.6
UDPG 8§ 2.802 1.203 1.178 1.106 1.071 1.022 2.791 4.764 49 52 44 26 32 58 -12.0 4.5 57 10.2 1.8
UDPGN 8 2.795 1.187 1.174 1.099 1.060 1.004 2.785 4.764 4.9 54 44 26 32 58 -12.0 4.5 57 10.2 1.8
UDPGluc 8 2.801 1.197 1.175 1.099 1.054 1.004 2.787 4.761 4.9 52 44 26 32 58 -12.0 45 57 10.2 1.8
UDPGal 8 2.802 1.202 1.174 1.104 1.069 1.020 2.789 4.763 49 5.2 44 26 32 58 -12.0 45 57 10.2 1.8
UDPGalc 8 2.801 1.190 1.168 1.097 1.044 0.993 2.786 4.753 4.9 5.2 44 26 32 58 -12.0 4.5 57 10.2 1.8
UDPM § 2.804 1.199 1.176 1.108 1.065 1.016 2.789 4.770 49 5.2 44 26 3.2 58 -12.0 4.5 57 102 1.8
ADPG 8 2.930 1.579 1.369 1.231 1.092 1.056 4.982 5.278 5.8 52 37 37 25 62 -100 51 51 102 24
ADPM 8 2.931 1.573 1.354 1.228 1.081 1.045 4995 5.285 5.8 52 3.7 38 26 64 -100 54 54 10.8 2.0
GDPG 8 2.738 1.562 1.347 1.182 1.059 1.049 4906 56 52 38 35 35 7.0 -12.0 52 52 104 20
GDPM 8 2.713 1.668 1428 1.272 1.135 1.128 4914 58 5.2 34 37 37 74 -120 54 54 10.8 2.0
CDPG 8§ 2.813 1.136 1.174 1.102 1.100 1.030 2.944 4.766 39 52 52 29 29 58 -119 51 51 102 26

@ The chemical shifts (ppm) are measured from the internal reference, tetramethylammonium chloride (TMA). b The coupling constants
(Hz) are checked by computer line shape simulation. €' =J,/ +J, . d2" =Jop+J'p
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FIGURE 1: The 300-MHz 'H NMR spectrum of 5-UMP, pD 5.4, 27
°C (top), and the corresponding computer simulation (bottom). The
chemical shifts are given in hertz from internal reference tetrameth-
ylammonium chloride (TMA). Details are in the text.

hexose phosphate is treated as an ABCDEFMX system and
the nucleoside phosphate part as an ABCDEMX system.
The normal 7 spin LAOCN III program was modified to
accommodate an 8 spin system. Assignments of the 1’ and
2’ resonance for the hexose part are obvious from inspection
of 'H and 'H-{3'P} spectra. The assignment of the rest of
the resonances for the hexose part was made from extensive
computer simulations in which from all the possible combi-
nations of assignments a unique set of parameters were de-
rived which generate a simulation identical with the experi-
mental one. The method of assignment employed in the
present study primarily utilizes the fact that the ratio of
coupling constant (J;;) to chemical difference (Ad;) of the
protons studied is such that the second-order perturbation
enables assignment of a unique set of parameters to gener-
ate a spectrum which fits the original. Virtual coupling will
show up if such second-order effects are strong enough
(large J;;/Ad;;). However, if the second-order perturbation
is weak resulting from small J;;/A;; ratio, the present meth-
od of assignment cannot be employed. The 300-MHz 'H
698 BIOCHEMISTRY, VOL. 1976
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NMR spectrum of 5-UMP, pH 5.0, shown in Figure 1,
simply and dramatically illustrates the principle behind our
method of assignments. The simulation, bottom of Figure 1,
contains an insert of the 2’ and 3’ regions with reverse as-
signment of these protons. The wrong intensity in the insert
indicates that such assignment is incorrect. The derived as-
signments for the present set of molecules in the form of
chemical shifts and coupling constants are summarized in
Tables 12 and 11, and the data derived are entirely in accord
with those expected of hexose derivatives (Kotowycz and
Lemieux, 1973; Angyal, 1968, 1969; Lemieux and Stevens,
1966; Rudrum and Shaw, 1965). Figures 2-5 show some
samples of experimental NMR spectra together with the
corresponding simulated ones. Despite the excellent agree-
ment between the experimentally observed and calculated
spectra, it should be emphasized that there could be an
error of as high as 0.4 Hz in J values and chemical shifts (at
the employed frequency) in those domains of the spectra
where extensive overlap occurs between resonances. In
order to minimize the error all spectra were obtained using
16K transform and were recorded noise free using a scale of
2.5 Hz/cm. The numbering of the molecule is shown in the
structure of ADPG (I).

I. ADPG

Results and Discussion

(A) Conformation of the Pyranoid Ring. The conforma-
tion of the pyranoid ring is comparable to that of cyclohex-

2 See paragraph at end of paper regarding supplementary material.
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FIGURE 2: The 100-MHz 'H NMR spectra of uridine diphosphogiu-
cose (a) and adenosine diphosphoglucose (¢) with corresponding simu-
lations (b) and (d) underneath. The proton peaks of glucose moiety are
on the right-hand side, and those of the ribose of the nucleoside moiety
are on the left. The chemical shift in Hz is measured from the internal
reference tetramethylammonium chloride (TMA). The peaks of the
H(1’)’s and the base protons are not shown.
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FIGURE 3: The 300-MHz !'H NMR spectrum of uridine diphos-
pho(NV-acetyl)glucosamine (top) and the corresponding simulation.
The chemical shift in Hz is measured from the internal reference
tetramethylammonium chloride (TMA). The peaks of H(1’)’s, acetyl
and base protons are not shown.

ane and its derivatives which are known to exist as various
equilibrating chair forms (Romers et al., 1969). Stoddart
(1971) has concluded that for the hexoses the “C;(II) and
IC4(III) chair forms are the most stable ones among the
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several that occur in the pseudorotational itinerary. There is
a wealth of NMR, crystal, and theoretical data (Kotowycz
and Lemieux, 1973; Angyal, 1968, 1969; Lemieux and Ste-
vens, 1966; Rudrum and Shaw, 1965; Hall, 1964; Jeffrey
and Rosenstein, 1964) that have shown that hexoses show
preference to exist in the *C; conformation. The magnitude
of the vicinal coupling data for the 21 hexose derivatives in-
vestigated in this report (Table I) clearly indicates that they
show an overwhelming preference to exist in the 4C; confor-
mation. Later we present the four bond H(2")-P(8) cou-
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FIGURE 4: The 100-MHz 'H NMR spectrum of a-glucose i-phos-
phate at pH 8 (top) and the corresponding simulation. The rest of the
details are as in Figure 2.
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FIGURE 5: The 220-MHz 'H NMR spectrum of a-mannose !-phos-
phate at pH (top) and the corresponding simulation. The rest of the de-
tails are as in Figure 2.

pling data to substantiate this point. The data (Table I) do
not enable us to state whether these molecules exist exclu-
sively in *C, form or as an equilibrium system of 4C; = 1Cy
where the !C4 population is very small {=210%). This ambi-
guity results from the fact that one does not know precisely
the limiting values of J in the pure *C; and !C4 conformers.
One may explore the manifestation of this equilibrium sit-
uation in the magnitude of the sum of a few coupling con-
stants. Thus, in 8-CH3-galactose H(1’) and H(2’) are diax-
ial and H(4') and H(5’) are'diequatorial in the 4C conform-
er; however, in the 'C4 form they respectively become die-
quatorial and diaxial. A consequence of this is that irrespec-
tive of the position of the equilibrium, J-»» + J4s should
1976 699
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have a constant value. The observed value for this sum is
9.2 Hz. Similarly in the case of a-CHj-mannose, irrespec-
tive of the position of the equilibrium, the sum Jy» +J g5
should be constant and the observed value is 11.9 Hz. In
fact, if dihedral angle relationship is the only major factor
influencing J values in hexoses, the observed sum for J,/»- +
J4s should be the same for 3-CHs-galactose and «-CHj;-
mannose, irrespective of the position of the 4C; = 1C4 equi-
librium in the two hexose derivatives. The fact that this is
not the case indicates that the values of coupling constants
are influenced by sterically dependent electronegativity ef-
fects (Stoddart, 1971) as well as due to the extent of puck-
er, i.e., flattening of the ring. The use of the sum of appro-
priate coupling constant to determine the degree of pucker
has been discussed elsewhere (Altona and Sundara-
lingam, 1973; Evans and Sarma, 1974a). Further qualita-
tive insight into the flattening of the pyranoid ring can be
obtained by computing the approximate dihedral angles
from some form of Karplus equations® such as those of
Abraham et al. (1962a,b), Lemieux et al. (1962), or Altona
and Sundaralingam (1973). The derived dihedral angles
showed that in most cases they significantly deviate from
the normal values for the gauche (60°) and trans (180°)
conformations. This is again an indication of the flattening
of the ring which may result from (1) intramolecular inter-
action of the atoms and the groups as in cyclohexane and its
derivatives (Romers et al., 1969; Davies and Hassel, 1963),
and (2) the facts that C-O bond (1.42 A) is 10% shorter
than C-C bond (1.54 A) in the ring and the endocyclic
C-0O-C angle (112-114°) is usually larger than the tetra-
hedral angle (109.5°) (Jeffrey and Rosenstein, 1964,
Sundaralingam, 1968). In addition to coupling constants,
the chemical shifts of the pyranoid ring protons (Table I)
also reveal some structural and conformational dependen-
cies. Firstly, as observed in cyclohexane (Anet, 1962) and in
several pyranoids (Lemieux et al., 1958; Lemieux and Ste-
vens, 1966), the chemical shift of an equatorial proton is at
a lower field than that of a corresponding axial proton. Sec-
ondly, a gauche vicinal hydroxyl (or electron-rich) groups
shields the proton to a greater extent than does the trans
vicinal one. The H(3’) of galactose and the H(3’) of man-
nose are at lower field than those of glucose. The same sit-
uation exists for the H(2") of «-glucose and «-galactose
with respect to their corresponding § anomers. Chemical
shift data on 3/,5-cAMP, 3/ 5-cUMP, 2’-deoxy-3’,5'-
cAMP and 2’-deoxy-3’,5'-cTMP (Lee and Sarma, 1976)
further indicate the same conclusion. Thirdly, the presence
of a hydroxyl (or electron-rich) group which is spatially
near but more than three bonds separated from the proton
tends to shift the proton downfield in the series of com-
pounds examined. Thus, H(2’) of galactose and H(4’) of
mannose are at lower field than those of glucose. The H(3")
and H(5’) of a-glucose and a-galactose (probably a-man-
nose, too) are at lower field than those of the corresponding
B8 anomers. Also, the H(3’) and H(5') of Glu-1-P, Gal-1-P,
and Man-1-P are at lower field than those of a-CHj-glu-
cose, a-CHjs-galactose, and «-CHjs-mannose, respectively.
Similar electronegative effects have been reported on 8-Br-
5’-AMP, 8-methio-5'-AMP, 8-aza-5'-AMP, 8-aza-5-GMP
as well as in formycin 5-monophosphate (Sarma et al.,

3 In order to stress that the dihedral angles computed are only useful
in arriving at some generalized qualitative conclusions, we have not re-
ported the computed dihedral angle data in Table 1. Hall (1964) in the
addendum part of his paper has drawn attention to this.
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Table 111: Conformations of the Segments in Nucleoside
Diphosphohexoses and Their Components at 0.1 M, 30 °C.

Hexose Moiety

Nucleoside Moiety

Hexose gt + oH(1)-
Compounds pH Ringd ggb g% P@E)¢C Eb ggb g'g'd
a-CH,Glu ‘c, 61
-CH,-Gal ‘c, 13
o-CH.-Man ‘C, 56
$-CH,-Glu ‘C 56
$-CH.-Gal ‘C, 17
a-Glu-1-P 8 °C, 61 75 38
«GlelP 5  °C, 70 76 39
«Ga-lP 8 ‘C, 13 75 38
«Gal-1-P 5 ‘C, 13 76 39
oMan-lP 8 C, ST 69 33
a-Man-1-P S iC, 65 72 36
«GluclP 8 °C 74 37
a-Gluc-1-P 5 fC 76 40
a-Galc-1-P 8 “°C, 75 38
«Gale-1-P 5§ C, 76 40
ADP 8 50 79 69
ADP 5 55 79 72
GDP 8 50 79 64
GDP 5 57 69 75
UDP 8 40 81 67
UDP 5 44 88 71
CDP 8 36 77 68
CDP 5 36 81 71
UDPG 8 ‘C, 74 76 40 49 81 71
UDPGN 8 °C, 74 75 39 49 81 71
UDPGluc 8 *C, 76 39 49 81 71
UDPGal 8 *C, 13 76 39 49 81 71
UDPGalc 8 *C, 76 39 49 81 71
UDPM 8 iC, 56 73 37 49 81 71
ADPG 8 C 69 76 39 58 77 71
ADPM 8 °C, 56 73 37 58 75 68
GDPG 8 °C, 71 76 39 56 69 70
GDPM 8 °C, 56 73 37 58 65 68
CDPG 8 *C, 74 76 40 39 81 71

@ The six-membered ring is in flattened “C, chair form. & The con-
formations are expressed as percent populations. ¢ The dihedral
angle ¢H(1")P(B) is in degrees.

1974; Lee et al., 1975, C. H. Lee, R. H. Sarma, N. Yathin-
dra, and M. Sundaralingam, unpublished data).

(B) Conformation of the C(5')-C(6’) Bond of the Hex-
ose Unit. Among the three energy minimum conformers
about the C(5")-C(6’) bond (IV, V, and VI), Hall and asso-

OHg' Hgx Hg'
Oui $ :C4, Oo: $ :C‘: Oo': $ :C"
Hg* Hg'  Hg OHg' HOg' Hg*
Heg' Hg' Hs'
ha h'a I
GAUCHE - GAUCHE TRANS-GAUCHE
99 GAUCHE;TRANS t9
g
ciates (1969) have suggested that in glucose derivatives, ro-
tamer IV, gg is present exclusively. Lemieux and Stevens
(1965) and Holland et al. (1967) suggested an equilibrium
between rotamers IV (gg) and tg (VI) for glucose deriva-
tives, By selective deuteration of the H(6) and H(6") pro-
tons their assignments were unambiguously established and
it was shown that in a glucose derivative the forms IV and
VI contribute significantly to the rotamer population (Hor-
ton et al. 1973).
The NMR data of the various derivatives of glucose and

mannose (Table I) reveal the tendency that the lower field
geminal proton H(6”) couples with H(5’) at a smaller cou-
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pling constant (1.2-2.4 Hz), while the higher field proton
H(6’) couples at a larger value (5.4-6.6 Hz). Using the em-
pirical rules of chemical shift dependence (see previous sec-
tion), the magnitude of the coupling constants of concern,
as well as the repulsion between OH(6”) and the equatorial
OH(4") groups in gt (V) conformation, the geminal protons
can be assigned such that conformers IV (gg) and VI (tg)
predominate in solution. As a result, the H(6") proton ap-
pears at a higher field. Computed values (Table III) indi-
cate 56-74% population of gg (IV) conformation assuming
Jiy = 11.7 Hz and J; = 2.0 Hz. The assignments of the
H(6’) and H(6””) protons derived here are in agreement
with those reported by Horton et al. (1973). Even though
we conclude that both gg and tg conformers are present sig-
nificantly for glucose derivatives, it should be pointed out
that between the two forms, there is in general a preference
for gg orientation which is the essence of the original con-
tention of Hall and associates (1969). In the case of galac-
tose derivatives, the geminal protons are magnetically
equivalent. However, the magnitude of the coupling con-
stants strongly suggests that gt (V) and tg (VI) are the
major conformers present (gg =~ 13-15%, Table III).
Again, the small population of gg (IV) conformer is attrib-
uted to the repulsion between the OH(6’) and the axial
OH(4).

(C) Conformation Along the C(1’)-O(l’) Bond. The
Newman projections of the three most stable conformers
along the C(1”)-O(1’) bond are shown in VII, VIII, and IX.

POy@)
Co 0y Cz 05 Ca
(B) (ﬁ)
VI, trans VI, gauche™  IX,gouche™

Only a time-averaged population distribution of the trans
(VII) and gauche (VIII + IX) conformation states can be
determined since vicinal coupling cannot distinguish be-
tween conformers VIII and IX. Comparison of the H(3")
and H(5’) chemical shifts of Glu-1-P, Gal-1-P, and Man-
1-P with those of the corresponding 1’ methylated analo-
gues indicates that the phosphate shifts the H(5) downfield
to a greater extent than it shifts the H(3") probably suggest-
ing the existence of trans (VII) conformation and the pref-
erence for gauche® (VIII) conformer over gauche™ (IX).
The population of conformer VII (trans) in glucose and ga-
lactose derivatives is computed to be 25% (Table I1I) from
Jip coupling (7.2 Hz) based on the values of
3J1u3p1s0e (22.9 Hz) and 3J1y s1pgoe (2.1 Hz) (Hall and
Malcolm, 1972a, 1968; Donaldson and Hall, 1972). In the
case of mannose derivatives (Jip = 7.7-8.6 Hz), an in-
crease of 5% (Table 1II) in the trans conformation is appar-
ently resulting from the absence of the interactions between
the phosphate and the OH(2’) group. However, considering
the remarkable steric hindrance between the phosphate
group and H(3’) and H(5’), the C(1")-O(1’) bond might
exist exclusively in the gauchet (VIII) and gauche™ (IX)
forms with dihedral angles ¢H(1’)P(8) around 33-40°
(Table III) computed from the Karplus equation 3Jyp =
18.1 cos? ¢up — 4.8 cos ¢Oyp (Lee and Sarma, 1976). Evi-
dence supporting an accurate indisputable C(1")-O(1’) con-
formation remains unattainable at present. Even though the
two gauche conformations VIII and IX cannot be differen-
tiated by vicinal coupling, after consideration of the steric
and electronic interactions occurring between phosphate

and OH(2’) group in the gauche™ (1X) conformation, the 1
phosphorylated glucose and galactose seem to exhibit slight
preference for the gauchet (VIII) conformer. For the four-
bond 4/ig_sip coupling, Hall and Malcom (1968, 1972b)
have reported a value of 2.5-2.7 Hz when either pair of al-
ternate bonds in the four-bond linkage are trans anti-planar
as the heavy drawing shown in X and XI. In other words,

Trans anti planar Trans anti planar
H C P H C P
NN\ NN

A A

X XI

there are six cases (three for each of X and XI) which may
show such magnitude of four-bond coupling. In the case of
1’-phosphoglucose and galactose, when the 1’-phosphate is
a monoanion, the 4J1yy_u1p is 2.0-2.8 Hz. This is explainable
in terms of the existence of a trans anti-planar conforma-
tion for H(2)-C(2’) and C(1")-O(1’) bonds. This once
more proves the preference for 4C; conformation for the py-
ranoid ring in these derivatives of glucose and galactose. In
I’-phosphomannose, the H(2)-C(2')~-C(1")-O(1’) trans
anti-planar conformation cannot exist in the *C; chain form
so that there is only little chance for the molecule to show
any detectable value of the 4y p four-bond coupling. As
shown in Table I, ionization of the 1’-phosphate tends to re-
duce the "H-3!P four-bond coupling probably due to the in-
duced change of the electron distribution in the four bonds
involved.

(D) Sugar-Base Torsional Angle. To determine the gly-
cosidic conformation, the Mn(IT) binding (Chan and Nel-
son, 1969; Evans and Sarma, 1974a,b) studies were carried
out for ADPG and ADP. Results indicate that ADPG and
ADP preferentially exist in the anti conformation since the
peak broadening of H(8) is much greater than that of H(2).
This is consistent with the results of studies on 5-AMP and
3’-AMP by Chan and Nelson (1969), Evans and Sarma
(1974b), Schweizer et al. (1968), and Danyluk and Hruska
(1968). It is a reasonable assumption that the base in
ADPM preferentially exists in the anti conformation, too.
In the case of GDP, UDP, CDP, and their hexose deriva-
tives, no direct studies have been conducted in an attempt to
investigate this aspect. However, it can probably be as-
sumed that the anti conformation is the preferred one in
these molecules based on the following reasons: (1) the
available data reported on guanosine, 5-GMP (Danyluk
and Hruska, 1968; Schweizer and Robins, 1973; Thewalt et
al.,, 1970; Murayama et al., 1969), and pyrimidine com-
pounds (Schleich et al., 1972; Frank, 1968; Hruska et al.,
1970; Yathindra and Sundaralingam, 1973); (2) the exist-
ing evidence (Table I and II) and the chemical shifts and
coupling constants of the nucleoside moiety are little per-
turbed by the pyrophosphate and/or the hexose part; (3)
the chemical shifts of H(2’) and H(3’) of the ribose unit
show no distinct change as those of the compounds with ac-
cessibility of syn conformation (Sarma et al., 1974; Lee et
al., 1975; Schweizer et al., 1971; Lee et al., unpublished).

(E) Conformation of the Ribofuranose Ring. The ribofu-
ranose conformation is described as an equilibrium state be-
tween two major conformers, 2’-endo (or 2E, XII) and 3’-
endo (or 3E, XIII) which interconvert via the pathway of
pseudorotation. According to the pseudorotation treatment
(Altona and Sundaralingam, 1973), the percent 2E popula-
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tion is about 10Jy-.. The data in Table III indicate that pu-
rine compounds reveal a slight preference for the ?E confor-
mation (50-58%), but pyrimidine compounds exhibit pref-
erence for the 3E conformation (2E 36-49%). This trend is
essentially similar to that shown by the nucleosides and mo-
nonucleotides. Protonation or esterification of the pyrophos-
phate increases the 2E population slightly. It is also appar-
ent that the ribose ring conformation essentially remains
constant in the nucleoside diphosphohexoses consisting of
the same nucleoside moiety but a different hexose. In addi-
tion, the magnitude of the Jy3 value in the ribose through-
out the nucleotides and their hexose derivatives is nearly
constant (5.2 Hz). This suggests that the ring pucker is uni-
formly constant (Altona and Sundaralingam, 1973) in spite
of the presence of the hexose moiety.

(F) Conformation Along the C(4')-C(5') Bond of the
Nucleoside Part. The time-averaged conformation of the
C(4’)-C(5’) bond is expressed as the percent population of
the three energy-minimal conformers g’g’ (X1IV), g’t’ (XV),
and t'g’ (XVI). The absolute assignment of the 5’ geminal

&= [y
»

GAUCHE-GAUCHE' TRANS'-GAUCHE'
g9’ GAUCHE-TRANS' tg’
gt

protons at this moment is not unambiguously possible be-
cause of complications imposed by the environment and
small chemical shift differences. However, the populations
of g’g’ and g’'t’ + t'g’ (or g’/t’) can be computed using the
equations® proposed elsewhere (Hruska et al., 1973; Wood
etal., 1973a,b):

137 -2
g’g’%=—'97—>< 100

where £ = Jysv + Jysv; and g/t % = 100 — g'g’ %. The
pyrimidine compounds show generally invariable and
slightly higher g’g’ (81%, Table III) population than the pu-
rine analogues (g’g’, 65-80%). The data also show that the
g’g’ conformation in guanosine compounds is less stable
than that in the adenine series. This is probably a reflection
of stronger repulsion between guanine and the exocyclic
backbone linkage.

4 The equations proposed (Hruska et al, 1973; Wood et al.,
1973a,b) for estimating g’g’ and g”’g” populations are: g’g’% = [(13 —
Z)/10]100, where T = Jys + Juas+; and g’g""% = [(24 — £7)/18]100,
where 2’ = Js, + Js. The former is revised as such g’'g’% = (13.7 —
£)/9.7, based on *J ggenp = 11.7 Hz and 3Jgge g = 2.0 Hz, resulting
from the Karplus equation proposed by Altona and Sundaralingam
(1973): the latter is revised as such g”’g”"% = [(25 — £/)/20.8]100 by
adapting the data 3/ goenn = 22.9 and 3Jeoenp = 2.1 Hz (Donaldson
and Hall, 1972). Strictly, the equations for calculating g”g’" should be
modified to include the electronegativity and inductive effects in the di-
phospho compounds. This is at present not possible because a large
number of data on rigid diphospho compounds are not known. How-
ever, it is unlikely that such modifications would affect the populations
any more than 5-10%.
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(G) Conformation Along the C(5)-O(5") Bond of the
Nucleoside Part. The three energy-minimal conformers
along the C(5')-O(5’) bond are depicted in Newman pro-
jections g”’g” (XVII), g”t” (XVIII), and t"g” (XIX). For

POy(a)
Hg He Hg Her Hy He
(a)PO3 i \®iP03(a)
Cy Ca Cq
XVIT XVIIT XIX

(GAUCHE - (GAUCHE)' (TRANS )~ (GAUCHE )"
g'gr (GAUGHE)- (TRANS)"  yige

ot

similar reasons as described in previous paragraphs, the
time-averaged conformation is expressed in g”g’’% and
g’g” + t”g” (or g”/t")% computed from the equation®
(Hruska et al., 1973; Wood et al., 1973a,b):

259 —-%
20.9

where 2’ = Jsp + Jspand g”/t"” % = 100 — g"’g”" %. The
nucleoside diphosphohexoses show constant g”g” popula-
tion (70%, Table I11) except for ADPM and GDPM (67%).
Even though the difference is slight, it does reflect the influ-
ence of the axial OH(2’) in the mannose moiety on the
C(57)-0(5’) conformation of the ribose unit. The 5’-diphos-
phates (Table III) show somewhat discrete distribution of
the g”g’" population (64-76%) depending upon the pH con-
ditions of the samples, i.e., lower g”’g” at pH 8, higher g”’g”
at pH 5. Compared to 5’-mononucleotides (g”’g”, 74-78%)
(Davies and Danyluk, 1974), these pyrophosphate com-
pounds display a reduced existence in the g”’g” state (except
GDP and UDP at pH 5). It should be noted that these ob-
served changes in the values of g’’g” populations as one goes
from the monophosphates to diphosphates may not be true
changes in populations because they may as well originate
from the changes in electronegativity and inductive effects
on X as the system changes from the monophosphate to di-
phosphate. The conclusion that in the nucleoside diphos-
phates and the corresponding nucleoside diphosphohexoses
examined the C(4)-C(5%) and C(5")-0O(5’) bonds preferen-
tially exist in g’g’ and g”g” conformations (Table III) is
further supported by the observed magnitude of the four-
bond coupling (Table I1) between 'H(4’) and 3'P(5’); a dis-
cussion on this subject has appeared elsewhere (Sarma et
al., 1973b).

(H) Conformation of the Pyrophosphate Bridge. One of
the difficult problems encountered in the present study is
the determination of the conformation of the pyrophosphate
bridge. The four bonds composing the pyrophosphate link-
age are O(5')-P(a), P(a)-O(apB), O(aB)-P(B), and P(5)-
O(1"). These presumably possess rotational freedom and
thus rotate in such a manner that the linkage assumes the
most stable conformations. In his work with “polyphos-
phate™, Sundaralingam (1969) has concluded that the
staggered (or anti) conformation (XX) is preferred rather
than the eclipsed (or cis) conformation (XXI). In rotating a

g8 % = X 100

XX , staggered XX] , eclipsed
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P-O bond, three possible anti conformation states may re-
sult. Consequently, there will be 27 possible conformations
for the P(8)-O(aB)~P(a)-O(5’) linkage in 5’-dinucleotides
and 81 possible combinations of the conformation of the
O(1")-P(B)-O(af)-P(a)-O(5’) linkage in the nucleoside
diphosphohexoses. The number of the theoretically possible
conformations, indeed, indicates the vast variety of forms in
which these biomolecules can exist. Distinction among them
cannot be made by NMR methods at present.

(I) The Overall Conformation of Nucleoside Diphos-
phohexoses. Information about the overall conformation of
nucleoside diphosphohexoses can be obtained by comparing
the chemical shift data for the individual components vis-
a-vis the integrated nucleoside diphosphohexoses. In exam-
ining the data in Tables I and II, it is observed that there is
no significant change in chemical shifts in both moieties as
the molecules unite to form one entity. The only exception
is the H(1”) (0.11-0.13 ppm downfield shift) of the hexose
unit. This could be attributed to the deshielding effect of
the pyrophosphate linkage. In other words, the intramolecu-
lar interaction between the two parts of the molecules is not
strong enough to show any considerable change in chemical
shift. Therefore, it is reasonable to propose that in aqueous
solution, the nucleoside diphosphohexoses exist in states of
equilibria among various linear forms in which the compo-
nent units maintain basically the same conformation as the
monomers itself. The pyranose moiety is in [gg* = tg, *C,
trans = gauche*] for glucose and mannose derivatives
(Table III) and [gt = tg, *C), trans = gauche*] for galac-
tose derivatives; the nucleotide part is in [anti, E* = 3E,
gg'* = g//t', g’g"* = g’’/t”] for purine compounds and
[anti, °E = 3E*, g’'g’* = g'/t/, g’g""* = g” /t"'] for pyrimi-
dine series. The asterisk indicates the preference in the
equilibrium. This is somewhat similar to the situation oc-
curring with coenzyme A and its analogues (Lee and
Sarma, 1975) in which the interaction between the adeno-
sine part and the linear segment is also weak.

Supplementary Material Available

Table 1, listing of chemical shifts and coupling constants
(1). Ordering information is given on any current masthead

page.
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Concanavalin A-Agarose. Involvement of Carbohydrate

Recognition and Hydrophobic Interaction?

Mary W. Davey, Eugene Sulkowski, and William A. Carter*

ABSTRACT: Human fibroblast interferon binds to a con-
canavalin A-agarose (Con A-Sepharose) equilibrated with
methyl a-D-mannopyranoside, or levan; in contrast, it is
only partially retarded on a similar column equilibrated
with ethylene glycol. Interferon does not bind, however, to a
lectin column equilibrated with both methy!l a-D-mannopy-
ranoside and ethylene glycol. Thus, a hydrophobic interac-
tion between fibroblast interferon and the immobilized lec-
tin seems to account for a large portion of the binding forc-
es involved. Other hydrophobic solutes, such as dioxane,
1,2-propanediol, and tetraethylammonium chloride, were
found equally or more efficient than ethylene glycol in dis-
placing interferon from the lectin column. The elution pat-
tern of interferon from a concanavalin A-agarose (Con A-
Sepharose) column, at a constant ethylene glycol concen-
tration and with an increasing mannoside concentration, re-
veals the existence of four distinct interferon components.
The selective adsorption to, and elution from, a concanaval-
in A-agarose (Con A-Sepharose) column resulted in about
a 3000-fold purification of human fibroblast interferon and
complete recovery of activity. The specific activity of the
partially purified interferon preparation is about 5 X 107

The understanding of forces involved in lectin-glycopro-
tein recognition is of immediate importance for the judi-
cious use of lectins in the studies of cell membrane topogra-
phy (Noonan and Burger, 1973; Cuatrecasas, 1973; Pen-
hoet et al., 1974) and their application as solid phase affini-
ty chromatography adsorbents (Cuatrecasas and Tell, 1973;
Bessler and Goldstein, 1973). These forces may encompass—
a priori—both carbohydrate-protein (lectin)} and protein-
protein (glycoprotein-lectin) interactions.

The pioneering studies of Goldstein and his coworkers
(1974) first established the structural requirements for a

* From the Department of Medical Viral Oncology, Roswell Park
Memorial Institute, Buffalo, New York 14263. Received June 13,
1975. This work was supported, in part, by a Center Grant in Viral
Chemotherapy (CA 14801-01).
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units per mg of protein. The chromatographic behavior of
human leukocyte interferon is remarkable in that it does not
bind to concanavalin A-agarose at all indicating the ab-
sence of carbohydrate moieties recognizable by the lectin,
or if present, their masked status. When concanavalin A
was coupled to an agarose matrix (cyanogen bromide acti-
vated) at pH 8.0 and 6.0 human fibroblast interferon bound
to both lectin-agarose adsorbents and could be recovered
with methyl o-D-mannopyranoside. Concanavalin A, immo-
bilized directly on agarose matrix at pH 8.0 and 6.0, thus
displays only carbohydrate recognition toward interferon.
By contrast, unless a hydrophobic solute was included in the
solvent containing methyl mannoside, human fibroblast in-
terferon could not be recovered from concanavalin A-agar-
ose coupled at pH 9.0. When concanavalin A was immobil-
ized via molecular arms, in tetrameric as well as dimeric
forms, the binding of interferon again occurred exclusively
through carbohydrate recognition. Thus, the hydrophobic
interaction can be eliminated by appropriate immobiliza-
tion of the lectin, and then adsorbed glycoproteins, as exem-
plified here by interferon, can be recovered readily with
methyl mannoside alone.

carbohydrate to be recognized by concanavalin A. The pro-
tein-protein interactions are still largely unexplored despite
the growing list of reports on the use of lectins, concanaval-
in A in particular, as chromatographic adsorbents (Norden
and O’Brien, 1974; Rush et al., 1974; Gurd and Mabhler,
1974). 1t is apparent, however, that only successful purifi-
cation procedures are reported, the recovery of a glycopro-
tein from the lectin column being taken as the immediate
measure of achievement. The failure to recover a glycopro-
tein with a simple monosaccharide is either reported as a
successful immobilization (Sulkowski and Laskowski,
1974) or otherwise becomes an unheralded personal experi-
ence.

In our previous report on the binding and elution of
human fibroblast interferon from a concanavalin A-agarose
column it was established that bound interferon could not



