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The aluminum salt of sucrose octasulfate (SOS) is a drug called Sucralfate (Carafate), 
which is widely used for the treatment of duodenal ulcers. Folkman et al. [1] have 
recently suggested that Sucralfate binds to fibroblast growth factor (FGF), protecting it 
from denaturation in the strongly acidic conditions present in the stomach. This 
hypothesis has generated considerable interest in sucrose octasulfate and its interaction 
with FGF. The sodium and potassium salts of SOS also bind FGF [2], but these differ 
from Sucralfate in being water soluble and are more easily studied. 

FGF in tissue binds to endogenous glycosaminoglycans. It is often formulated with a 
highly charged glycosaminoglycan, heparin, to improve its stability [3]. The minimum 
FGF binding site within heparin is a tetrasaccharide having the same numbers of 
negative charges as SOS [4]. FGF is considered to be a prototypical heparin binding 
growth factor, suggesting that the aluminum salt of SOS may be acting as a heparin 
mimetic. Heparin is a polydisperse, microheterogenous polysaccharidic drug that is 
considerably more structurally complex than SOS. While single crystal X-ray data are 
not available for heparin, the high resolution crystal structure of SOS has been 
determined [5]. More recently, the structure of a SOS-FGF co-crystal has been reported 
[6]. 
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SOS and heparin appear to bind the same site within FGF [2,6]. SOS represents an 
excellent model compound for studying heparin binding to FGF in the absence of 
crystallographic data on heparin, or the FGF-binding heparin tetrasaccharide [4], or the 
complex of heparin with FGF. An improved understanding of the solution conformation 
of SOS will be helpful in studying the interaction of SOS and FGF. This information 
might also lead to an improved understanding of the interaction of FGF with heparin and 
its endogenous glycosaminoglycan receptors. 

NMR spectroscopy has provided valuable information on both the solution conforma- 
tion and the conformational flexibility of sucrose. The long held view that sucrose was 
rigid around its interglycosidic bond has recently been brought into question through the 
use of NMR spectroscopy [7,8]. Most recently, the solution conformation of sucrose and 
its conformational mobility have been examined using sophisticated ~3C and ~H NMR 
methods [9,10]. Theoretical steady state NOE data on sucrose do not support a single 
conformation model but rather conformational averaging [11]. Studies using molecular 
mechanics and dynamics identified multiple low energy conformations further support- 
ing its flexibility [12,13]. Studies on sucrose, sucrose octaacetate and their C-glycosides 
have compared their preferred solution conformations to their solid state conformations 
measured from single crystal X-ray analysis [14-16]. In this study, the solution 
conformation and the X-ray crystal structure of SOS are compared. A preliminary 
examination of conformational flexibility of SOS is also made. 

1. Experimental 

NMR spectroscopy of sucrose octasulfate.--Sucrose octasulfate (potassium salt) was 
purchased from Toronto Research Chemicals Inc. (Toronto, Canada). All NMR experi- 
ments were performed using a Bruker AMX 600 (Spectrospin AG, Switzerland) 
spectrometer operating at 600 MHz for proton and 150 MHz for carbon. Sucrose 
octasulfate potassium salt (2 mg) was dissolved in distilled, deionized water (500 /zL) 
giving a pH of 7 and filtered through a 0.45 /zm membrane. The solution was 
lyophilized and the remaining traces of water in the resulting solid were exchanged in 
2H20 (99.9% atom 2H, Sigma Chemical Co., St. Louis, MO) by repeated lyophilization. 

• • • 2 1  2 
After three exchanges, the sohd was dissolved m 500 /zL of H20 (99.96% atom H) 
for NMR experiments. The 1H NMR experiments were conducted at different tempera- 
tures with a digital resolution of 0.123 Hz/point. A line broadening factor of 0.24 Hz 
was used prior to Fourier transformation. The ~3C spectra were acquired with broadband 
proton noise decoupling. The carbon signal of the trimethylsilyl portion of the 3-(tri- 
methylsilyl)propionic-2,2,3,3-d 4 acid, sodium salt was set to 0 ppm as reference for 13C 
NMR spectra. The assignment of 1H and 13C NMR spectra and the conformational 
analysis of the furanoside moiety of SOS were carried out using two-dimensional 
experiments such as COSY, NOESY and inverse heteronuclear correlation [17,18]. 
Mixing times of 300, 850 and 900 ms were used in NOESY experiments. COSY used a 
90 ° pulse (8.8 /zs). The pulse programs utilized standard Bruker software. The data for 
COSY and NOESY experiments were acquired using 1024 data points in the f2 
dimension and 256 data points in the f l  dimension and Fourier transformed into a 
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1K X 1K data matrix using a sine-bell window function. The data for inverse heteronu- 
clear correlation were acquired using 64 data points in the f l  dimension and 1024 data 
points in the f2 dimension, followed by processing to generate a 1024 × 256 data 
matrix. 

2. Results and discussion 

The objective of this study was two-fold: (1) To examine the average solution 
conformation of SOS (Fig. 1) and to compare this conformation to the solid state 
conformation determined by X-ray crystallography [5]; and (2) To study the conforma- 
tional flexibility of SOS and compare SOS flexibility to that recently observed in 
sucrose [7-10]. NMR spectroscopy is useful for identifying the microenvironment 
around a nuclear spin, giving valuable information about the time-averaged molecular 
conformation. 

The high resolution 600 MHz 1H NMR spectrum of SOS in 2H20 at 298 K, shown 
in Fig. 2, was assigned and these assignments were confirmed using two-dimensional 
(2D) NMR experiments including J-correlated spectroscopy (COSY) (spectrum not 
shown). The doublets in the 1H NMR spectrum of SOS (Fig. 2) at 6 5.82 and 5.14 
corresponding to the H-1 of glucopyranoside and H-3' of fructofuranoside rings, 
respectively, served as starting points in the assignment of ring protons. The 1H 
chemical shift assignments (Table 1) are consistent with those previously reported for 
SOS [191. 

In an aqueous solution of sucrose all the hydroxyl groups on both the glucopyra- 
noside and fructofuranoside rings are equatorial [7-10]. Similar observations have 
recently been made for sucrose octaacetate in deuterochloroform [14,15]. The coupling 
constants (Table 1), obtained at 298 K by first-order analysis of the 1H NMR spectrum 
of SOS, demonstrate that in solution there is an axial-equatorial relationship between 
H-1 and H-2, and the trans-diaxial relationship between H-3-H-2, H-3-H-4 and 
H-4-H-5 of the glucopyranoside ring (Fig. 1). Thus, the average solution state confor- 
mation of the glucopyranose ring of SOS is consistent with the 4C 1 chair form. The 
same solution and solid state  4C 1 conformation is observed for the glucopyranoside 
residue in sucrose and sucrose octaacetate [7-10,16,20]. The equal and relatively small 
3JHs,H6a and 3JH5,H6b values (Table 1) suggest that the C-6 sulfooxymethyl group adopts 
a solution orientation with H-5 syn-clinal to H-6 a and H-6 b. Thus, the C-6 sulfate group 
and H-5 are anti-periplanar. In the glucopyranoside portion of SOS, the solution and 
solid state conformations are identical. 

The crystal structure of SOS shows the fructofuranoside ring in the 5'T 4, twisted form 
with C-4' exo-oriented to the C-5'-C-6' bond (Table 2) [5]. Sucrose and sucrose 
octaacetate show different crystal structures with the fructofuranoside in the 4'Ty and 34', T 
conformations respectively [14-16,20]. Several structural features of the furanoside ring 
of SOS act to stabilize the solution conformation of this five-membered ring (Fig. 1). All 
the substituents are equatorial, eliminating unfavorable steric and charge-charge 1,3-di- 
axial interactions. The two vicinal sulfate groups, situated in a trans-orientation, are 
syn-clinal to one another. Most importantly, only a single unfavorable interaction is 
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Fig. 1. Solid-state and solution conformations of sucrose octasulfate. The average solution conformation of 
SOS (1) determined by 1H NMR. The glucopyranoside ring is in the 4C 1 chair form and the fructopyranoside 
ring in the 4',T twisted conformation. Newman projections of portions of the fmctofuranoside ring of sucrose 
octasulfate are shown in 2 and 3 in solution in 2H20 and 4 in the solid state. Projection 2 is looking down the 
C-Y-C-4'  bond, projection 3 is looking down the C-4'-C-5'  bond and projection 4 is looking down the 
C-3'-C-4'  bond. The average conformation of the furanoside ring is shown in the ~',T conformation as it 
appears in solution in 2H20 (5). Its conformation in the single crystal X-ray structure is shown in 6. Newman 
projections 7, 8 and 9 show the three possible staggered rotamers about the C-6-C-5' bond. 
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Fig. 2. The =H NMR spectrum (600 MHz) of SOS (2 mg/mL) in 2H20 at 298 K. The 2H20 signal at 4,8 
ppm is off-scale. 

observed, corresponding to the syn-periplanar orientation between the anomeric oxygen 
and the sulfate at C-3'. An yE envelope or any twisted (T) conformation in which C-3' 
is exo should serve to decrease this unfavorable interaction. In the y E conformer, 
3JHy 84' should be different f r o m  3JH4, HS'" The t H NMR of SOS rules out this envelope 
conformation since3JHa,,H4 , a n d  3JH4,,H 5, are identical (Table 1). An alternate conforma- 
tion leading to a decrease in the unfavorable C-3'-sulfate-anomeric oxygen interaction 
would place C-3' endo in either YE or  T conformers. These conformations would result 
in very small values for 3JH3,.H 4, and 3JH4,,HS,. This is not in agreement with the observed 
J values being greater than 6 Hz (Table 1). Thus, a twisted conformer with an exo C-3' 
must be responsible for decreasing the unfavorable interaction between the C-3'-sulfate 

Table 2 
Fructofuranoside conformations in sucrose derivatives 

SOS a Sucrose octaacetate b Sucrose c 
4' ' 4' Solution 3' T ~, T 5,T 
3j _31 3 _3 HI',H4' -- ~H4',H5 ' JH3',H4' -- JH4',H5' 3JH3,,H 4, = 8 HZ, 3JH4,,H 5, 
= 7.8 Hz = 6.4 Hz = 8.6 Hz 

Solid state 5'T 4, ~',T 4'Ty 

a Solution structure by 1H NMR in 2H20 and solid-state structure from single crystal X-ray [5]. 
b Solution structure by ]H NMR in C2HC13 and solid-state structure from single crystal X-ray [20]. 
c Solution structure by 1H NMR in 2H20 [15,22] and solid-state structure from single crystal X-ray [16]. 
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group and the anomeric oxygen. These same arguments also apply to sucrose octaac- 
1 • • 

etate, recently examined in our laboratory by H NMR spectroscopy, suggestmg its 
furanoside ring also occupies a twisted conformation (Table 2). The 3JH3, r w and 3JH4, H 5, 
values are identical and large (7.8 Hz) (Table 1). Assuming that the ring oxygen, C-2' 
and C-5' are situated in the same plane, one can conclude that the conformation of the 
fructofuranoside ring of SOS in 2H20  is 431T (Table 2). This suggests that the solution 
conformation (Fig. 1, 5) of the fructofuranose residue is different from its solid state 
conformation (Fig. 1, 6). The torsion angle H - 3 ' - C - 3 ' - C - 4 ' - H - 4 '  determined from the 
Karplus equation [21] using 3JH3,,H 4, of  7.8 HZ (Table 1) is + 158 °. This simple, early 
version of the Karplus equation gives sufficient accuracy in calculating angles for an 
average conformation. A more complex calculation [22] would lead to the same 
conclusion regarding the average conformation of SOS. From the Newman projection 
viewed along the C-3 ' -C-4 '  bond, the dihedral angle C - 2 ' - C - 3 ' - C - 4 ' - C - 5 '  is + 22 ° 
(Fig. l, 2). This same dihedral angle is - 2 2  ° in the X-ray crystal structure (Fig. 1, 4). 
Similarly, the dihedral angle H - 4 ' - C - 4 ' - C - 5 ' - H - 5 '  determined from the Karplus equa- 
tion using 3Jna,,n 5, of  7.8 Hz is - 158 ° (Table 1). From the Newman projection viewed 
along the C-4-C-5 '  bond, the dihedral angle C - 3 ' - C - 4 ' - C - 5 ' - O - 5 '  is - 2 2  ° (Fig. 1, 3). 
In the crystal structure this same dihedral angle is + 30 °. The same absolute value for 
the C - 2 ' - C - 3 ' - C - 4 ' - C - 5 '  and the C - 3 ' - C - 4 ' - C - 5 ' - O - 5  dihedral angles, of  22 °, as 
expected due to conformational averaging in solution NMR, demonstrating the C 2 point 

4 '  group symmetry of the furanoside ring in its 3' T conformation. The dihedral angles taken 
from the X-ray structure of  SOS do not show C 2 point group symmetry for the 
furanoside ring in the 5'T 4, conformation. The fructofuranoside residue in sucrose adopts 
~IT conformation in solution probably due to the presence of intramolecular hydrogen 
bonding [23-25]. The C-2-oxygen acts as an acceptor for either I ' -OH or 3'-OH. The 
switch from one form to the other requires a minor rotation around the interglycosidic 
linkage and takes place with conservation of the overall molecular geometry. The ~',T 
conformation assumes a shorter distance between the C2-oxygen and 3 ' -OH when 

4 '  
compared to the 3'T conformer. 

Table 3 
Chemical shift assignments of the carbon signals of sucrose octasulfate 

Chemical shifts (ppm) at various temperatures 

Atom 278 K 288 K 298 K 308 K 318 K 328 K 338 K 

C-1 92.61 92.61 92.61 92.62 92.64 92.66 92.68 
C-2 77.07 77.07 77.07 77.08 77.09 77.10 77.11 
C-3 78.59 78.58 78.57 78.57 78.57 78.58 78.58 
C-4 76.61 76.66 76.72 76.78 76.85 76.91 76.97 
C-5 72.15 72.16 72.19 72.22 72.27 72.33 72.40 
C-6 69.12 69.42 69.13 69.14 69.16 69.19 69.22 
C-I' 69.65 69.65 69.67 69.69 69.72 69.76 69.80 
C-2' 104.77 104.77 104.78 104.80 104.83 104.87 104.93 
C-3' 81.14 81.21 81.28 81.34 81.43 81.51 81.61 
C-4' 80.86 80.96 81.06 81.15 81.25 81.35 81.44 
C-5' 81.14 81.18 81.22 81.27 81.32 81.37 81.44 
C-6' 71.71 71.78 71.83 71.87 71.90 71.93 71.96 
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The ~H NMR chemical shifts are sensitive to their microenvironment. If a molecule is 
flexible, a change in temperature will often result in a change in the equilibrium between 
conformers, changing the microenvironment of the protons present and affording a 
change in their chemical shifts. ~H NMR spectra were recorded at temperatures ranging 

~ K  

K 

K 

~ K 

' ' 80  7~5 7~0 ppm 
Fig. 3. The 13C NMR spectra (150 MHz) of SOS in the temperature range 278-338 K. 
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from 278-318 K (Table 1). The H-l, H-3, and H-4 signals of the glucopyranoside ring 
and all protons of the fructofuranoside ring have distinct positions and hence, their 
chemical shifts are easy to monitor. Glucopyranoside ring protons become slightly 
shielded with increased temperature. The H-3 signal is slightly deshielded, but no major 
changes in chemical shifts or coupling constants of the glucopyranoside ring protons are 
observed. The fructofuranoside ring protons also become slightly shielded with increas- 
ing temperature. The coupling constants for the fructofuranoside residue remain virtually 
unchanged with increasing temperature. No evidence has been found from these data 
indicating the flexibility of SOS, possibly because the temperature range examined was 
too narrow or the conformers present were energetically equivalent. The sulfate groups 
certainly decrease the conformational flexibility of SOS because of the repulsive 
electrostatic interaction between the negative charges. 

The ~3C resonance assignments are presented in Table 3. The 13C NMR spectrum of 
SOS at 298 K was assigned using inverse heteronuclear correlation spectroscopy 
(spectrum not shown). To study SOS flexibility, 13C NMR spectra of SOS were 
recorded at temperatures ranging from 278 to 338 K to provide information about ring 
fluctuations (Fig. 3). The C-l, C-2, C-3 and C-6 signals of the glucopyranoside ring are 
almost invariant, while the C-4 and C-5 signals show a slight deshielding with 
increasing temperature. Similar analysis of the shifts of the fructofuranoside carbons 
shows that C-4' and C-3' are the most temperature sensitive followed by the C-5', C-6', 
and C-2' signals (Fig. 3). The C-4' and C-3' signals are deshielded with increasing 
temperature, suggesting that there is some conformational fluctuation at these atoms. 

A B 

: H4,HI 

e 

,P !! . ,  

~. ~. ~." 

!;  

! w  

58 

4.2 
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L . . . .  i.I , , 
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o ~ ~ .~-i~, 
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5.6 5.2 4.8 4.4 6 .0  5.5 5 .0  4.5 

p p m  p p m  
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i 
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5.5 

6.0 

c~ 

Fig. 4. NOESY spectra of SOS in 2H20 at 278 K (A) and at 338 K (B). The experiments were performed with 
a 350 ms mixing time and 4 s recovery delay. The spectra were processed using a sine-bell window function 
and symmetrized. The dipolar connectivity (fructofuranose-Hl', glucopyranose-H1) is maintained at both 
temperatures suggesting limited conformational mobility around the interglycosidic bond. 
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The space available for torsion changes around the interglycosidic linkage is very 
limited based on repulsive electrostatic considerations, and hence, it is reasonable to 
propose similar conformations in the range 278-338 K. The X-ray structure of SOS 
suggests closeness in space of the H-1 proton of the glucopyranoside ring and both of 
the H-I' protons of the fructofuranoside ring. Hence, nuclear Overhauser enhancement 
(NOE) spectroscopy was used to examine the flexibility of the interglycosidic bond. 
NOESY was performed under otherwise identical conditions at 278 K and 338 K (Fig. 
4). In both spectra, a cross-peak due to the H-1 and one of the H-I' signals was 
observed, indicating dipolar connectivity at both 278 and 338 K. Thus, the average 
position of these two protons remain spatially close in the temperature range studied, 
suggesting that flexibility around the interglycosidic linkage is considerably less than 
flexibility further away from this linkage. The three staggered conformers 7, 8 and 9 
(Fig. 1) can be distinguished by examining the NOE cross-peaks corresponding to 
protons in the fructofuranoside ring (Fig. 3B). The H-4' to H-6' a and H-4' to H-6' b 
enhancements are approximately equivalent, unambiguously corresponding to the syn- 
clinal-anti-periplanar relationship of rotamer 8. The larger 3JH5,,H6, b and  the smaller 
3j values provide additional evidence for the preference of rotamer 8 in solution; H5',H6'a 
in the crystal structure rotamer 7 was observed. Rotamer 8 is also the preferred 
orientation of the 6'-hydroxymethyl group in sucrose. 

In conclusion, these studies demonstrate that the average solution conformation of the 
furanoside ring in SOS is different from that in the solid state determined by X-ray 
crystallography. These are similar to the differences that have been observed between 
the solution and solid-state conformations of sucrose [15,20] and sucrose octaacetate 
[14-16]. This study demonstrates that conventional NMR analysis is a simple yet 
elegant means for establishing the ring conformations of SOS in solution. 
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