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ABSTRACT: The field dependence of relaxation times of the C-1 carbon of glycogen was studied in vitro 
by natural-abundance I3C NMR. T I  is strongly field dependent, while T2 does not change significantly 
with magnetic field. T,  and T2 were also measured for rat hepatic glycogen enriched with [l-13C]glucose 
in vivo a t  4.7 T,  and similar relaxation times were observed as those obtained in vitro a t  the same field. 
The in vitro values of T I  were 65 f 5 ms a t  2.1 T ,  142 f 10 ms a t  4.7 T, and 300 f 10 ms a t  8.4 T,  while 
T2 values were 6.7 f 1 ms at  2.1 T, 9.4 f 1 ms at  4.7 T,  and 9.5 f 1 ms a t  8.4 T. Calculations based on 
the rigid-rotor nearest-neighbor model give qualitatively good agreement with the T I  field dependence with 
a best-fit correlation time of 6.4 X s, which is significantly smaller than 7111, the estimated overall 
correlation time for the glycogen molecule (ca. s). A more accurate fit of T I  data using a modified 
Lipari and Szabo approach indicates that internal fast motions dominate the TI  relaxation in glycogen. On 
the other hand, the T2 relaxation is dominated by the overall correlation time 7M while the internal motions 
are  almost but not completely unrestricted. 

G l y c o g e n  is the main storage form of glucose in mammalian 
cells. Although glycogen has a very high molecular weight 
(ca. 10') (Drochmans, 1962; Goldsmith et al., 1982), previous 
studies have shown that it is 100% I3C N M R  visible both in 
vitro and in vivo at  ambient temperatures (Sillerud & Shul- 
man, 1983; Hull et al., 1987; Shalwitz et al., 1987). This 
visibility has allowed many studies of synthesis and metabolism 
of glycogen in vivo by I3C NMR spectroscopy (Jue et al., 1989; 
Laughlin et al., 1988; Reo et al., 1984; Shulman et al., 1988). 
Considering the high molecular weight, the estimated rota- 
tional correlation time (7M) for a rigid molecule with the size 
of glycogen would be ca. 1 0-5 s. This would lead to very short 
values of T2,  so that in the absence of any other motion the 
I3C NMR lines of glycogen would be too broad to observe. 

In order to understand the mechanism of NMR visibility 
of glycogen, we have studied the magnetic field dependence 
of the glycogen relaxation times in vitro. In addition, we have 
measured the TI and T2 of hepatic glycogen directly in an 
intact living rat at 4.7 T. We have compared the experimental 
results with those of theoretical calculations based on the 
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rigid-rotor nearest-neighbor model (RRNN) I and the modified 
Lipari and Szabo approach (MLSA). 

MATERIALS AND METHODS 
In Vitro. Type 111 rabbit liver glycogen, prepared by hot 

water extraction, was purchased from Sigma Chemical Co. 
(St. Louis, MO). A solution of glycogen (30 mg/mL) in 50 
mM phosphate buffer, pH 7, was prepared for natural- 
abundance 13C NMR measurements at 2.1 and 4.7 T without 
further purification. For measurements at 8.4 T, D 2 0  was 
added to the solution to 10% by volume with a final glycogen 
concentration of 100 mg/mL. 

Natural-abundance 13C N M R  measurements were per- 
formed on an 8.4-T Bruker Instrument AM superconducting 
spectrometer system, and on 2.1- and 4.7-T Biospec super- 
conducting spectrometer systems, respectively. At 8.4 T, I3C 
spectra of glycogen were taken at 90.5 MHz using a 5-mm 
probe. At 4.7 and 2.1 T, the spectra were taken at 50.4 and 
22.89 MHz using 20-mm sample tubes in 13C/IH solenoidal 
probes. Spin-lattice relaxation times ( T I )  and spin-spin re- 
laxation times (TJ  were measured with the inversion recovery 
(1 8Oo-7-9O0) and spin-echo (90°-~-1800-~-echo) methods, 
respectively. Results were analyzed by using a three-parameter 
fitting program from the spectrometer computer (Bruker In- 

' Abbreviations: MFA, model-free approach; MLSA, modified Lipari 
and Szabo approach; RRNN, rigid-rotor nearest-neighbor. 
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Table I: Experimental Relaxation Data of Glycogen C-1 
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FIGURE 1 : Peak intensity of hepatic [ l-13C]glycogen during the control 
experiment. A 50-min infusion of 10 mg/min [l-13C]glucose, 5 
mg/min fructose, 2 mg/min glutamine, and 20 milliunits/min insulin 
was followed by the same infusion containing unlabeled glucose for 
7 0  min while sequential 3-min 13C NMR spectra were collected. A 
relaxation measurement was started after ca. 20 min of unlabeled 
glucose infusion as marked in the figure. 

strument, Billerica, MA) and NMRl software (New Methods 
Research Inc., Syracuse, NY). For the relaxation time 
measurements, proton decoupling was gated on only during 
the acquisition, and a relaxation delay of 2 s was used between 
scans. Nuclear Overhauser enhancements ( q  + 1) were 
measured in proton-decoupled spectra obtained with the de- 
coupler carrier frequency centered on the water resonance for 
1.8 s (15TI)  before and during acquisition. A relaxation delay 
of 1.8 s without decoupling was used between pulses to prevent 
sample heating. Control spectra without NOE were acquired 
in exactly the same way except that the decoupler offset was 
moved 200 kHz from the water resonance during the NOE 
development period, and placed back on water during the 
acquisition. The q + 1 values were obtained from the ratio 
of the integrated NMR signal from the NOE spectrum and 
that from the corresponding control spectrum. 

In Vivo. TI,  T2, and NOE were measured for C-1 of gly- 
cogen in the livers of 300-400-g male Sprague-Dawley rats. 
They were fasted for 18-24 h and anesthetized with pento- 
barbital, and a catheter for substrate infusion was placed in 
a jugular vein. They were placed in the Bruker Biospec 4.7-T 
magnet with the abdomen positioned over a NMR probe that 
consisted of a 2-cm-diameter I3C surface coil and a 3.8-cm- 
diameter 'H coil arranged concentrically. The outer coil was 
used for shimming and proton decoupling; 3.5-min proton- 
decoupled (WALTZ- 16) spectra consisting of 1000 scans were 
accumulated during the basal and infusion periods to monitor 
[ l-13C]glycogen signal intensity. The infusion consisted of 10 
mg/min [ 1 -'3C]glucose (99% enriched, MSD Isotopes, 
Montreal, Canada), 5 mg/min fructose, 2 mg/min glutamine, 
and 20 milliunits/min insulin. Once adequate signal-to-noise 
for [ l-'3C]glycogen (100.6 ppm) was obtained, the [1-l3C]- 
glucose was replaced with unlabeled glucose and the infusion 
continued for the remainder of the experiment. TI inversion 
recovery measurements were started as soon as the C-1 gly- 
cogen signal in NMR spectra reached its plateau. Fully re- 
laxed control spectra (720 scans) were taken immediately 
before and after the TI measurement. Corrections of the TI 
inversion recovery signals were done by assuming a linear 
decline of the glycogen C-l signal intensity with respect to time 
(Laughlin et ai., 1988). The change of the glycogen C-1 signal 
intensity during the experiment is illustrated in Figure 1. The 
complete spin inversion was achieved by an adiabatic fast- 
passage pulse (sech-shaped pulse) (Silver et ai., 1985). After 
the short variabie delay ( 7 ) ,  the depth pulses and the excitation 
pulse were followed. Composite proton decoupling (4 W) was 

2.1 295 65 f 5 6.7 f 1 8 . 8  f 1 1.32 
4.1 295 142 f 10 9.4 f 1 7.8 f 1 1.30 

i n v i v o ( T = 3 1 0 K )  158f15 5 f 2  8 f 3  1.35 
8.4 295 300 f 10 9.5 f 1 8.5 f 1 1.22 

300 300f 10 14 f 2 8.5 f 1 1.31 
310 310f 10 13f2 11 f 1 1.41 

a AvlI2  was obtained by subtracting the Bo inhomogeneity and the 
line broadening from the observed full width at half-maximum. 

gated on during the acquisition, and a relaxation delay of 0.8 
s was used between scans. 

The same preparation and infusion procedures were used 
for the T2 measurement. The pulse sequence used in the 
spin-echo measurement was (relaxation delay)-2d-~(depth 
pulses)-O-.r-echo, and composite proton decoupling was gated 
on during acquisition of the echo. Measurements at 6 7 values, 
with 720 scans each, were taken. NOE was measured in 
continuous proton-decoupled spectra, and the control spectra 
were taken with proton decoupling gated on only during ac- 
quisition. 

In vivo 13C NMR line widths were determined by fitting 
the fully relaxed signals to a single Lorentzian function using 
the fitting program in the spectrometer computer. The natural 
line width of the glycogen C-1 was then obtained by sub- 
tracting the field inhomogeneity and the line broadening. T2* 
was calculated from the natural line width and compared with 
the measured T2. 

Theoretical Calculations. For I3C N M R  of a protonated 
carbon, such as the C-1 of glycogen, the relaxation mechanism 
is primarily dipolar interactions. The relaxation times are given 
by 
1/T1 = 
(h2yC2yH2/4rCH6)[J(wH - wC) + 3J(wC) + 6J(wH + wC)l 

(1) 

1/T2 = (h2~C2~H2/8rCH6) x 
[4J(O) + J ( ~ H  - WC) + 3J(wc) + 6J(W,) + 6J(wH + UC)] 

(2) 
where wc and wH are the Larmor frequencies for carbon and 
proton, respectively. rCH is the distance of the C-H bond, and 
J ( w )  is the spectral density function. In order to calculate the 
J ( w )  terms, we first used the simplest approximation, the 
rigid-rotor nearest-neighbor model (RRNN), assuming the 
existence of a single effective correlation time. For a more 
flexible theoretical calculation, we adapted Lipari and Szabo's 
(1982) model-free approach (MFA), since the overall motion 
of a glycogen molecule is expected to be much slower than the 
internal motions. In addition, we used a x2 distribution of the 
correlation times to describe the internal motions of the gly- 
cogen molecule, and the corresponding J ( w )  was solved nu- 
merically using computer programs. These theoretical 
treatments will be discussed in detail in the later section. 

RESULTS AND DISCUSSION 
Experimental Data. The in vivo inversion recovery mea- 

surement of glycogen in the intact rat liver is shown in Figure 
2. The figure shows the good NMR signal-to-noise ratio of 
the glycogen C-1 signal and the complete inversion of the spins 
in the sampled volume by the adiabatic pulse. The C-1 NMR 
signals observed both in vivo (shown in the insert of Figure 
2) and in vitro can be fitted with a single Lorentzian function. 
T I ,  T2, T2*, and NOE data obtained in vitro and in vivo are 
summarized in Table I. Results obtained at three different 
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FIGURE 2: In vivo inversion recovery measurement of [ l-W]glycogen 
in a rat liver at the five values of variable delay ( T )  labeled. See 
Materials and Methods for the experimental conditions and procedures. 
A total of 720 scans with a relaxation delay of 0.8 s were accumulated 
for each spectrum. The entire measurement took about 45 min. The 
insert shows the in vivo glycogen C-l signal (with 40-Hz line 
broadening) fit to a single Lorentzian function. 

temperatures at 8.4 T show that the TI  does not change sig- 
nificantly. However, small but significant changes in T2, T2*, 
and NOE were detected. The results show that the TI  of 
glycogen in solution exhibits a strong field dependency, while 
T2 does not vary significantly with the field. Furthermore, 
the relaxation times and the NOE factor of glycogen C-1 in 
the rat liver measured at 4.7 T in vivo are similar to those of 
glycogen in  solution measured at the same field strength. 
These similarities suggest that the molecular motions and the 
effective correlation times of glycogen in vivo are the same 
as those in  vitro. Therefore, a similar field dependency of TI  
in vivo is expected, but the measurements have not been made. 
The T2 value obtained from in vivo measurements is smaller 
than that obtained in solution at 4.7 T (Table I). The dif- 
ference may be originated from the slower overall motion of 
glycogen particles in vivo. We will show in a later section that 
T2 is very sensitive to the overall rotational correlation time 
of the particle, while T I  is not. On the other hand, the in vivo 
T2* value reported in Table I may contain large uncertainties 
because the natural line width is obtained by subtracting a 
large contribution of the Bo inhomogeneity (21 Hz) and the 
line broadening (40 Hz) from the observed signal line width 
(98 Hz), which drastically reduces the natural line width to 
37 Hz. Furthermore, the Bo inhomogeneity in vivo is estimated 
from the water line width (84 Hz) obtained by the outer 'H 
decoupling coil which may lead to an overestimation of Bo 
inhomogeneity on carbon signals. Therefore, T2* is probably 
overestimated since it is impossible to have T2* > T2. 

Electron microscopic studies have shown that glycogen 
particles are made of spherical units with an average radius 
of 20 nm (Wanson & Drochmans, 1968). The overall rota- 
tional correlation time of a spherical particle can be estimated 
by the Stokes relation 7M = (47rq)rs3/3kT, where k is Boltz- 
mann's constant, Tis the absolute temperature, is the vis- 
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FIGURE 3: Log-scaled plot of glycogen TI vs correlation time ( T ~ )  at 
three field strengths, calculated from the RRNN model (see text). 
The experimental T ,  data (0 )  are shown on the curves, and an  
approximate fit gives T~ = 6 X s (as marked). 
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FIGURE 4: Log-scaled plot of glycogen Tz vs correlation time rC at 
three field strengths, calculated from the RRNN model (see text). 
The experimental Tz data (0) are shown on the curves. The average 
correlation time obtained from TI  fitting (6 X s) is marked on 
the plot. 

cosity, and rs is the Stokes radius. When rs = 20 nm and t 
= 0.1 cP, T M  is estimated to be 8.2 X 10" s at  300 K. The 
strong field dependence of T I  observed in vitro indicates that 
the effective correlation time of glycogen relaxation, T ~ ,  is not 
in the "extreme narrow limit" region. On the other hand, 
values obtained for T2 suggest that this correlation time is 
much shorter than the molecular rotation time T ~ .  In order 
to determine the effective correlation time of glycogen, we first 
fit the data to the RRNN model. 

RRNN Model. As shown in eq 1 and 2, to calculate T I  and 
T2, one needs to evaluate the J ( w )  and J(0)  terms, where J(o) 
is defined by 

J ( w )  = 2 L m ( c o s  wt)C( t )  dt ( 3 )  

C(t )  is the correlation function of the system. Generally, 
specific models are needed to define correlation functions. In 
the RRNN model, the correlation function is described as a 
single exponential function with a lifetime of T ~ :  

C( t )  = (1 /5 )  exP(-t/Tc) (4) 
Therefore, the corresponding J(o) term can be written as 

( 5 )  

Assuming that glycogen relaxation can be described with a 
single effective correlation time ( T ~ ) ,  we calculated TI  and T2 
at different correlation times using the RRNN model a t  the 
three field strengths we studied. Figures 3 and 4 show the 
log-scaled plots of T I  and T2 vs T, times, respectively. In the 

J ( w )  = (2/5)[7,/(1 + w27,2)1 
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Table 11: Experimental Relaxation Data of Glycogen C-1 and Results Calculated from the R R N N  Model and the Modified Lipari and Szabo 
Approach 

Bo (TI temp (K) TIeXP (ms) TIRRNN (ms)" T~~~~ (ms)* T ~ ~ ~ P  (ms) TZRRNN (ms)" T2MLSA 
2.1 295 65 f 5 46.4 63.4 6.7 f 1 29.4 8.79 
4.7 295 142 f 10 141.6 148.5 9.4 f 1 40.0 9.29 
8.4 295 300 f 10 401.8 300.5 9.5 f 1 44.6 9.49 

"Calculated by using the R R N N  model with a correlation time of 7c = 6.4 X s and rCH = 1.14 8, (see text). bCalculated by using MLSA 
with 7M = 8.23 X IOd s, 7Bv = 3.9 X IOm9 s, and S2 = 0.0022 (see text). 

calculation, we took rCH to be 1.14 A (Brown, 1984) and 
assumed that this was the only dipolar interaction. Com- 
parison of the experimental and calculated T I  values shows 
that although the T I  data cannot be fitted with a single cor- 
relation time exactly, the average 7, of 6.4 X s fits all the 
data approximately and is obviously much smaller than 7M. 
This indicates that the internal motions of glycogen, charac- 
terized with a much shorter correlation time 7,, play an im- 
portant role in the T I  relaxation. The calculated results are 
shown in Table 11. A weak field dependency calculated for 
T2 (Figure 4) is consistent with that observed experimentally. 
However, the T2 values calculated by using T ,  = 6.4 X 
s in the R R N N  model are 4-5 times larger than those mea- 
sured experimentally. The T2 data would be better fitted by 
using a longer 7c of ca. 3 X s, suggesting that slower 
motions may contribute to the T2 relaxation of glycogen. 

Modified Lipari and Szabo Approach (MLSA) .  In order 
to obtain a more accurate description for the observed relax- 
ation times, we used Lipari and Szabo's model-free approach 
for the following reasons. First, the overall motion of glycogen 
is much slower than the internal motions, as shown in the 
R R N N  treatment. Therefore, the overall motion can be 
rigorously factored out and treated independently, which is 
a basic assumption in the MFA. Second, the precise de- 
scription of the correlation function for the internal motions 
of a macromolecule depends on a model. It is complicated 
and difficult to establish a model to describe the motion of a 
I3C-H vector in a glycogen molecule which has a highly 
complex structure. The MFA avoids this requirement by 
introducing a generalized order parameter, S, and an effective 
correlation time, I,, to describe the spatial restriction of the 
motion and the rate of the motion, respectively. 

According to the MFA, the correlation function of glycogen, 
C(t), is defined as 

C(t) = c,(ocI(t) (6) 
where CJt) and Cl(t) are correlation functions for the overall 
and the internal motions, respectively. Since the glycogen 
particle is roughly spherical, we assume that its overall motion 
is isotropic and can be described with a single correlation time, 
7M. Hence 

(7) 

The correlation function for the internal motions is given by 

co(2) = (1 / 5 )  exp(-t/7M) 

m m 

C,(t)  = Cui e x p ( - t / ~ ~ )  = S2 + Eai exp(-t/ri) (8) 

where S (S2  = ao) is the generalized order parameter. The 
combination of eq 7 and 8 gives the total correlation function, 
and the corresponding spectral density function is 
J ( w )  = 

i=O i = l  

i= I 
(9) 

In the MFA, assuming the internal motions are in the extreme 
narrowing limit and the summation term can be evaluated by 

a single exponential term with an effective correlation time 
7, (Lipari & Szabo, 1982), eq 9 is simplified to 

J ( w )  = ( 2 / 5 ) [ S 2 7 ~ / ( 1  + w27M2) + (1 -s2)7,] (10) 

which is Lipari and Szabo's eq 36. Unfortunately, the sim- 
plified equation cannot be used in the case of glycogen. Al- 
though the internal motions are much faster than the overall 
motion, the average correlation time of internal motions is not 
in the extreme narrowing limit region, as shown by the RRNN 
calculation. In an attempt to evaluate the second term in eq 
9 (the internal motion part), we adapted the method of using 
a distribution of correlation times, which has been applied to 
random-coiled polymers to describe segmental motions 
(Schaefer, 1973), since glycogen is a large and highly branched 
monopolymer. Therefore, J ( w )  can be written as 

J(w) = ( 2 / 5 ) [ S 2 7 ~ / ( 1  + w~TM') ]  + (2/5)JI(w) (11) 

4 0 )  = (2/5)[S27, + JI(0)l (12) 
where 

J I ( ~ )  = JmP(7r)7avTr/[l + w2(7avT,)2] d7r (13) 

and p(7 , )  is a distribution density function. 7, is the reduced 
correlation time, which is defined by 

7 r  = 7 i / 7 a v  

According to Schaefer (1973), based on an assumption that 
the slow motiions have a higher density than the very fast ones, 
the log-scaled (log of b base) x2 distribution of time can be 
used, and assuming rM >> 7i under the distribution and S2 << 
1, the J I ( w )  of glycogen (eq 13) can be written as 

and 

where the x2 distribution, p(")(s) ,  is defined as 

and 
s = lOgb[l + ( b  - 1 ) ~ i / 7 ~ , ]  

The distribution is normalized to unity: 

Jmp(*)(s) d s  = 1 - S2 = 1(S2 << 1) (17) 

In our calculations, J I ( w )  and JI(0) terms were numerically 
evaluated by using computer programs. By using eq 15, 14, 
12, 11, 2, and 1, we can calculate T I  and T2 for any given 7ay, 

providing the correlation time of the overall motion TM,  the 
generalized order parameter S ,  and the order of the distri- 
bution (6,  n) are given. Figure 5 shows the log-scaled plot of 
T I  vs the averaged correlation time of the internal motions 7av 

calculated by the MFA with the distribution method. The 
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FIGURE 5: Log-scaled plot of glycogen TI  vs average correlation time 
T,, at three field strengths, calculated from MLSA with a x2 dis- 
tribution of correlation times of the internal motions (see text). For 
the distribution function (see Figure 6), n = 21 and b = 600. rCH 
= 1.14 A. The fit of experimental TI data [labeled by (a)] gives 
Tav = 3.9 x 10-9 s. 

2 . 0 0 0  
ray = 3.9~10~ s 

0 . 0 0 0  
-11 -10 -9 -8 -7 -6 -5 -4  -3 

Log (7 , )  

FIGURE 6: Plot of x 2  distribution density vs log q. In eq 16, n = 21 
and b = 600; T,, = 3.9 X 104s. The T, values at half-maximum are 
6.58 X IO-* and 1.65 X s. T~ obtained from the RRNN cal- 
culation is shown by (- - -), and the TM of glycogen is shown by (-). 

distribution that gives the best TI and T2 fitting, having T,, 

= 3.9 X The values of T~ at 
half-maximum are 6.58 X and 1.65 X s. As shown 
in Figure 5, the distribution line width of the internal motions 
is rather narrow, and all T~ values are indeed much smaller 
than T ~ ,  which suggests that the internal motions of C-1 
throughout glycogen are rather uniform. The calculated values 
based on the MLSA and the RRNN model are summarized 
in Table I1 along with the experimental results. The com- 
parison shows that results obtained by the MLSA calculation 
give a better fit to the data than those obtained by the RRNN 
model, as expected from the additional degrees of freedom. 

The calculations based on the MLSA show that S2 has 
almost no effect on TI  at the field strengths we studied, as long 
as S2 is smaller than 0.1. This is due to the fact that T~ is 
very long so that u ~ T ~ ~  >> 1, which makes the first term in 
eq 11 negligible compared to the second term when T,, is 
between and IO-* s. It is consistent with the results 
obtained by the RRNN model in which the contribution from 
the overall motion is neglected. However, the situation is 
completely different for T2 because of its dependence on the 
J ( 0 )  term. In fact, we have turned to the MLSA because the 
RRNN model does not calculate values of T2 that agree with 
experimental values so that we must try to find an additional 
contribution to T2 relaxation. Since J ( 0 )  is proportional to 
the overall correlation time, T ~ ,  which is much larger than 
the average internal correlation time T,,, it can be a dominant 
factor in determining T2 even if S2 is small. Therefore, the 

s, is shown in Figure 6. 
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amplitude of T2 is sensitive to the S 2 ~ M  value, and in fact, S2 
reported in Table I1 is obtained from fitting T2 to eq 12 with 
the value of T~ fixed. According to Lipari and Szabo, if the 
internal motion is completely restricted, then S2 = 1; if the 
motion is isotropic (completely unrestricted), s2 = 0. It is not 
unexpected that S2 is very small (S2 = 0.0022) if we compare 
the experimental data with those calculated by using the 
RRNN model. Without taking account of the overall motion 
of glycogen, the T2 results obtained from the R R N N  model 
by taking T ,  = 6.4 X lo9 s are several times larger than those 
obtained experimentally (Table 11). Although the contribution 
from the overall motion to T I  is negligible, it cannot be ne- 
glected in the T2 calculations where it makes a dominant 
contribution due to the dependence of the J ( 0 )  term. Fur- 
thermore, the measured temperature dependence of T2 but not 
of T I  (Table I) may result from the determination of T2 by 
T~ and S2,  which may be more sensitive to temperature than 
T,,. We have noted that T2 measured in vivo is about half of 
that in solution at 4.7 T. The 2-fold smaller value of T2 in 
vivo might come from slower tumbling of the glycogen mol- 
ecule in vivo since an increase in rotational correlation time 
by a factor of 2, which has often been measured in vivo (Beall, 
1983), would explain the observed value of T2.  Obviously, 
more work must be done on T2 and T2* measurements in vivo. 

Comparison with Polysaccharides. I3C N M R  has been 
widely used to determine molecular motions of mono-, oligo-, 
and polysaccharides [see Casu (1985) and references cited 
therein]. Many polysaccharides studied yield high-resolution 
13C N M R  spectra, due to rapid internal isotropic molecular 
tumbling. However, signal broadening has been observed in 
the less mobilized segments involved in junction zones. Studies 
of curdlan, a /3-1,3-glucan (Saito et al., 1977, 1978) have 
shown that 13C NMR signals become partially invisible upon 
formation of gel structure. However, the fraction which re- 
mained visible had approximately the same TI as for the 
solubilized polymer which was 100% visible. Similar to our 
calculation of internal motions of glycogen, Smith and Saito 
(1980) treated the relaxation data of curdlan with the In x2 
distribution method (Schaefer, 1973). Their results show that 
the average correlation times are 30-40 ns for the gel-formed 
sample (dp, 540) and 4.3-22 ns for the random-coiled sample 
which shows 100% visibility. Furthermore, the width of the 
distribution for the gel-state molecular motions is much 
greater. The authors concluded from these studies that pro- 
vided the polymer is in the single-coil conformation the internal 
motions are rapid enough to make it 100% visible even at chain 
lengths of over 300 and immobilized in a gel. The invisible 
fraction was attributed to segments involved in cross-chain 
interactions which restricted the internal motion. In glycogen, 
the average correlation time for the internal motions is ca. 10 
times smaller than for curdlan, and the distribution width is 
narrow, indicating a large degree of flexibility is rather uni- 
formly distributed to the entire molecule. In contrast to po- 
lysaccharides, polyglucose chains in glycogen are not very long 
(12-14 residues per chain) due to its frequent branching, 
although it has a very high molecular weight. In addition, the 
100% visibility suggests, on the basis of the data on curdlan 
and other gel-forming polysaccharides, that there is no sig- 
nificant binding interaction between the chains in the glycogen 
molecule. 

In conclusion, measurements of relaxation times of glycogen 
I3C-l in vitro a t  different field strengths show that T I  is 
strongly field dependent, while T2 is only weakly field de- 
pendent. The relaxation measurements obtained from an 
intact rat liver further demonstrate that TI and T2 of glycogen 
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C-1 in vivo are similar to those observed in vitro. These 
relaxation properties can only be approximately fitted by the 
RRNN model calculation using a single effective correlation 
time 7,. However, the strong field dependence of T I  and the 
absolute values of T2 are not adequately explained by this 
model. The MLSA calculation provides a much better fit to 
the relaxation times and accordingly gives more information 
about motions of the glycogen molecule. The results suggest 
that internal motions dominate the relaxation with an average 
correlation time of 3.9 X s. The fit to the T2 data shows 
that the overall molecular tumbling makes the strongest 
contribution to the T2 relaxation but it is much less than 
expected from a rigid molecule, once again showing that the 
internal motions of glycogen are almost unrestricted 
throughout the molecule. This particular molecular nature 
of glycogen leads to the observation of narrow I3C resonances 
which leads to the 100% I3C NMR visibility. 
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(Difluoromethy1ene)phosphates of Guanine Nucleosides as Probes of DNA 
Polymerases and G Proteins? 
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ABSTRACT: 5’-Polyphosphates of I@-@-n-butylphenyl)-2’-deoxyguanosine and -guanosine which contain 
a difluoromethylene group in place of a phosphoanhydride oxygen have been synthesized. 5‘- [P,r-(Di- 
fluoromethylene)triphosphates] , including that of 2’-deoxyguanosine, were prepared by reaction of the 
corresponding 5’-phosphates, activated by 1 ,l’-carbonyldiimidazole, with difluoromethanediphosphonate. 
The 5’-[  (difluoromethylene)diphosphate] of W-(p-n-butylpheny1)guanosine was prepared by treatment of 
a protected 5’-tosyl nucleoside with difluoromethanediphosphonate, followed by deprotection. Condensation 
of this nucleotide, activated with 1 ,l’-carbonyldiimidazole, with orthophosphate gave M-(p-n-butyl- 
pheny1)guanosine 5’- [ (a,P-difluoromethylene)triphosphate] . Products were characterized by 31P and I9F 
N M R  spectroscopy. The phosphonates were tested for their ability to displace [3H]GDP from the G T P  
binding proteins cellular (EC) and oncogenic (Leu-61) Ha-ras p21, and for their ability to inhibit D N A  
polymerase cy from Chinese hamster ovary cells. The p21s bound weakly to a triphosphonate when the CF2 
group was in the P,r position, but not when it was in the cy,@ position, and they did not bind to the 
corresponding (difluoromethy1ene)diphosphate. In contrast, the CF2 group had no effect on inhibition of 
D N A  polymerase cy by W-(p-n-butylphenyl)-2’-deoxyguanosine 5’-[(/3,y-difluoromethylene)triphosphate]. 
2’-Deoxyguanosine 5’- [(P,y-difluoromethylene)triphosphate] was found to be a bona fide substrate for several 
D N A  polymerases and had a lower apparent K ,  than dGTP with Bacillus subtilis D N A  polymerase 111. 

D i r e c t  study of nucleoside triphosphate bound forms of 
DNA polymerases and G proteins is limited by the ability of 
the proteins to alter the structure of the nucleotides. DNA 
polymerases in  the presence of template-primers incorporate 
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many dNTP derivatives with the release of pyrophosphate, and 
the GTPase activity of G proteins degrades GTP derivatives 
to the nucleoside 5’-diphosphate and orthophosphate. Nu- 
merous studies [see, for example, Burgers and Eckstein (1979), 
Blackburn et al. (1985), and Tucker et al. (1986)l have ex- 
plored effects of modification of the triphosphate group of 
nucleotides to determine the electronic and stereochemical 
requirements for binding to relevant proteins, and to identify, 
among candidate analogues, those that might serve as stable 
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