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important question is whether, under equilibrium condi- 
tions, any structures with intermediate oxygen affinity are 
populated significantly. Recent kinetic investigations of the 
cooperative oxygen binding process suggest that intermedi- 
ate states do not play a significant role (Van Driel et al., 
1974). Calculations of Wyman (1969) showed that in sys- 
tems with a high number of binding sites intermediate con- 
formations may be destabilized as compared to both ex- 
treme states. We have tried to trap the protein when i t  
binds oxygen cooperatively, in possible intermediate states 
by cross-linking partially oxygenated hemocyanin. As 
shown in Figure 4, the oxygen affinity of cross-linked hemo- 
cyanin increased with increasing oxygen saturation at  
which cross-linking was carried out. The Hill coefficient 
was slightly higher than 1 .O. 

I f  the system can be described by a simple two-state 
model, it should be possible to describe the oxygen binding 
curves of cross-linked hemocyanin as mixtures of DSI- 
deoxy-Hc and DSI-oxy-Hc. Using the hypothetical ratios 
given in Table I f ,  the fit between the calculated and ob- 
served binding curves is surprisingly good (Figure 7). This 
supports the two-state hypothesis for cooperative oxygen 
binding, although, it might be that intermediate states are 
not cross-linked, for instance because DSI might react more 
rapidly with both extreme states in equilibrium with the in- 
termediates. The possibility to fix hemocyanin in states with 
different affinities may facilitate investigations of the struc- 
tural changes that underlie the process of cooperative ligand 
binding by these giant proteins. 
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The Solution Conformation of Nicotinamide 
Mononucleotide: A Quantitative Application of the Nuclear 
Overhauser Effect? 

William Egan,* Sture ForsCn,* and John Jacobus* 

ABSTRACT: Torsion about the glycosidic linkage in nicotin- 
amide mononucleotide has been investigated by quantita- 
tive application of the nuclear Overhauser effect. These 
measurements show that the syn (x N 20°) and anti (x I! 

E x t e n s i v e  studies of the pyridine nucleotides, directed 
toward the elucidation of their solution conformation, have 
been carried out (for a leading reference, see Blumenstein 
and Raftery, 1973). The intended goal of these studies has 
been to relate molecular geometry to biological function. Of 
the various pyridine nucleotides, nicotinamide mononucleo- 
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200O) conformers of the title compound are isoenergetic, or 
nearly so, and interconverting rapidly. The syn/anti parti- 
tion is not measurably affected by either changes in pH or 
temperature. 

tide ( N M N + )  has received considerable attention (see 
Sarma and Mynott, 1973b, and references cited therein), its 

on Os 

NMN+ 
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Table I: Nuclear Overhauser Effect Enhancements for 
ca. 0.25 M NMN' in DzO (pD 4.8) a t  35". 

Proton 
Saturated 

Proton Observed 

Hl, _ _  H, H4 H, H, 

0.15 
0.0 
0.0 
0.16 

0.22 0.0 0.0 0.12 
0.08 0.0 0.0 0.08 
0.06 0.05 
0.0 0.0 

relative simplicity making it a logical starting point for the 
analysis of the more complicated and, from a biological 
point of view, more interesting dinucleotides (for a review of 
the chemistry of the pyridine nucleotides, see Kaplan, 
1960). 

The conformation of N M N +  may be conveniently delin- 
eated in terms of the three dihedral angles x, $, and 4 in the 
nomenclature of Sundaralingam (1 969), and the general 
disposition of the furanose ring, describable in terms of an 
amplitude, 7mr and a phase angle, P, to pseudorotation (Al- 
tona and Sundaralingam, 1972). 

Nuclear magnetic resonance (nmr) spectroscopy provides 
a convenient experimental technique for the solution con- 
formational analysis of N M N +  in terms of these parame- 
ters. Thus, in principle, torsion about the sugar-base link- 
age may be probed through nuclear Overhauser effect stud- 
ies, and the remaining parameters by application of suitable 
Karplus relationships to measured spin-spin coupling con- 
stants. 

This study is concerned with the determination of the 
nicotinamide-ribose torsion angle, x, through use of the n u -  
clear Overhauser effect (a preliminary report of this work 
has appeared; Egan et al., 1973); the results and conclu- 
sions are given in the following sections. 

Calculations and Results 
I n  keeping with current terminology, the nuclear Ov- 

erhauser effect is defined as the fractional enhancement in 
the integrated intensity of spin d which occurs upon satura- 
tion of spin (s) s; eq 1 (Schirmer et al., 1972). For a speci- 

area of d when s is sa tu ra t ed  -- 
(1) 

equi l ibr ium area of d 
.fJs) = equi l ibr ium area of d 

fied molecular geometry, subject to certain conditions and 
approximations, N O E  enhancements are readily calculated 
(the methods and conditions applying to this study are given 
in the Experimental Section). Becausefd(s) is a function of 
internuclear distance, comparison of theoretical calcula- 
tions with observed enhancements can furnish information 
about molecular geometry and internal motions (for a dis- 
cussion of the theory and application of the NOE. see Nog- 
gle and Schirmer, 1971; cf Bachers and Schaefer, 1971; 
Bell and Saunders, 1973). 

The experimental NOE's for N M N +  (pD 4.8, 0.25 M in 
DlO) are given in Table I .  In order to calculate the compar- 
ative theoretical Overhauser effects for N M N +  as a func- 
tion of sugar-base torsion angle, it is necessary to have a 
model for N M N +  in terms of $, T ~ ,  and P (since the mag- 

netogyric ratios for phosphorus, nitrogen, and deuterium 
are considerably lower than that for hydrogen, it is not nec- 
essary to consider dipolar relaxation contributions from 
these nuclei, and hence the geometry of groups containing 
only these and spin zero nuclei). We chose a model for 
N M N +  having a planar furanose ring and the gauche 
gauche ($ = 60') conformation about the C ~ , - - C S ,  linkage 
(for further details, see the Experimental Section). 

The gauche-gauche conformation about the C4, -C5 ,  
bond was chosen as it has been shown, from application of 
the Karplus relationship to observed spin-spin coupling 
constants, to dominate the equilibrium about this bond 
(Sarma and Mynott, 1973a,b). A quantitative description 
of the pseudorotational equilibrium of the ribose ring, how- 
ever, is lacking. Due to uncertainties in the coefficients uscd 
in the Karplus equation (a different set of coefficients is, in  
principle, necessary for each four atom fragment) as well as 
to a lack of information concerning the limiting ribose 
geometries, a quantitative description of the ribose ring i h  

presently not deducible from nmr measurements of cou- 
pling constants; alternate methods to supply this inforina- 
tion are unfortunately not yet available. However, even i f  
the details of the ribose pseudorotation were known, thc 
theoretical NOE calculations would additionally requirc a 
knowledge of the correlation between the base torsion and 
ring puckering motions (several theoretical and experimen- 
tal studies have addressed themselves to this correlation 
problem; for a recent study, see Saran et al. ,  1973). I n  the 
absence of further information, and considering that Schir- 
mer et al. (1972) have noted, during an N O E  investigation 
of several nucleosides, that fits to glycosidic torsion angles 
are not overly sensitive to ribose conformation, we consid- 
ered a planar ribose to represent a reasonable and conve- 
nient alternative (additionally, see below). 

Attempts were first made to interpret the observed en- 
hancements in terms of a single torsional conformer about 
the Cj3-N bond. The angle x is defined as zero when the 
nicotinamide N I - C ~  bond is cis planar to the ribose CI,-O1' 
linkage; x is considered positive for a right-handed rotation 
and when looking along the C - N  linkage, the far bond ro- 
tates relative to the near bond. Plots of theoretical enhancc- 
ments forfl ,(2),f l ,(6),  f 2 ( 1 ' ) ,  andfh(1') as a function of 
x are presented in Figure 1 .  From inspection of these 
curves, it is apparent that neither a pure anti (x E 0 -70') 
nor a pure syn (x N 210-260') conformer will serve to BC- 
count for the observed enhancements. While the equality of 
f l r ( 2 )  a n d f l ~ ( 6 )  can be accommodated by the torsional a n -  
gles x = 160 or 340', the magnitude of the theoretical en- 
hancements a t  both these angles is considerably lower than 
observation. I n  addition, the remaining theoretical cnhance- 
ments, particularlyfz (2') and f6 (2') (Figure I ) ,  show little 
agreement with observation a t  these two angles. Further ef- 
forts to find a single conformation which agreed with obser- 
vation were not successful. 

As this lack of agreement might have arisen from the 
choice of a planar ribose ring, the theoretical Overhauser 
effects were recalculated using the 3'-endo, 2'-endo, a n d  
3'-exo ribose geometries (see Altona and Sundaralingani 
( I  972) for the relationship between exo-endo and 7",-P no- 
menclatures). These particular conformations were chosen 
as they account for the ribose geometry of virtually a11 stud- 
ied nucleosides and nucleotides (see Altona and Sundaralin- 
gam ( I  972) and references cited therein); indeed, the over- 
whelming majority of cases are accommodated by the 3'- 
endo and 2'-endo conformations. 
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F I G U R E  I :  Plots of various calculated NOE enhancements LS. glyco- 
sidic torsion angle. x. 

Use of these nonplanar ribose geometries resulted in Ov- 
erhauser effect curves between H I ,  and the nicotinamide 
ring (in both directions) which were quite similar in shape 
and magnitude to those obtained using a planar ribose;' as 

I The theoretical Overhauser effects between Hz, or  HA, and the nic- 
otinamide ring do, however, show a significant variation with ribose 
conformation; in suitable cases. it seems likely that the Overhauser ef- 
fect might be exploited for obtaining information on ribose geometry. 
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F I G U R E  2: Plot o f f l ( (2)  vs. glycosidic torsion angle, x. as a function 
of ribose geometry. 

an example, f l l (2)  for the various ribose conformations is 
depicted in Figure 2. Comparison of the theoretical curves 
for each ribose conformation with observation led to the 
same conclusion, namely, that no single conformer suffices 
to account for the observed NOE data. Since furanose pseu- 
dorotation would serve simply to produce Overhauser ef- 
fects between HI! and the nicotinamide ring whose magni- 
tudes are properly weighted averages of those for the pure 
conformers, inclusion of pseudorotational equilibria in the 
theoretical calculations will likewise not lead to a fitting of 
the data. Accordingly, we next sought to account for the 
NOE's by permitting exchange between torsional confor- 
mers about the glycosidic linkage. 

Two variables thus become necessary to describe the 
sugar-base torsion: the allowed angles and the probabilities 
a t  these angles. Calculations were begun using a two-site, x 
and x + I 80°, distribution. Theoretical calculations of vari- 
ous nucleosides and nucleotides have indicated that a two- 
site distribution is most probable (see, for examples, Has- 
chemeyer and Rich, 1967; Lakshminarayanan and Sasise- 
kharan, 1969, 1970; Jordan and Pullman, 1968). W e  ini- 
tially assumed that the two sites were equally populated 

Under these conditions, one can note from inspection of 
Figure 3a and b that distributions centered about x = 20/ 
200 (the notation 20/200 indicates that the two torsional 
conformers at  the angles x = 20' and x = 200' are ex- 
changing) and 70/250 are in accord with the experimental 
values for f 2  (1') and f 6  (1') and 20/200 and 100/280 dis- 
tributions with flc(2) and f l f ( 6 ) .  The theoretical enhance- 
ments for fl(2') and f6(2') are presented in Figure 3c; 
while the use of a planar geometry will surely tend to .over- 
estimate both the steepness and maximum values of these 
curves, it is nevertheless apparent that only distributions 
lying between ca. x = 20/200 and 60/240 will come into 
agreement with the low observed values for these enhance- 
ments. A x = 20/200 geometry thus seems to provide an 
excellent match of calculated to observed enhancernents. 

The remaining experimental enhancements were, for the 
greatest part, in accord with this 20/200 distribution; the 
exceptions werefi(3') and f6(3') which were both calculat- 
ed as being ca. 0.0 andf2(5' + 5")  andfb(5' + 5") which 
were calculated as being ca. 0.06 and 0.04, respectively. A 
theoretical underestimation off2(3') andf6(3') arises from 
the restriction of the furanose ring to planarity, i.e., not al- 
lowing the 3'-endo conformer to be populated; this ac- 
counts, a t  least partially, for the discrepancy between the 
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f I G U R E  3: Plots of various calculated NOE enhancements vs. glyco- 
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anticipated, for the sake of completeness; they do not alter 
the preceding conclusion regarding the most probable value 
for x. 

We next exaniined the sensitivity ofthis fit to variation i n  
site distribution. Accordingly, theoretical NOE‘s as a func- 
t ion of x were calculated for various site probabilities ( S O :  
50. 45:55, 40:60. and 20:80). The results for f?(l’) and 
fn(1’) for a 40:60 site distribution are shown in Figure 4a 
and the analogous curves forfl.(2) andf i , (6)  in Figure 4b 
(the first angle of the set denotes the conformer with popu- 
lation 0.4, I he second angle the conformer with populatiori 
0.6). Analysis of these curves reveals that, considered as a 
two-site exchange problem, the 40:60 site distribution does 
not provide torsion angles exactly in agreement with experi- 
mental observation. However, a t  x approxiniately equal to 
20/200 or 200/20, the difference between calculation and 
experiment is not overly large, cu. f0 .03 .  We therefore con- 
sider these 40:60 site distributions to represent acceptable 
fits to observed data. A 20:80 site distribution, however, ap- 
pears to lie outside the range of probable error in the analy- 
sis. Thus, for example, when x is in the range I85/005 to 
200/20, f2( 1’) lies between 0.18 and 0.26, f<,( 1’) between 
0.05 and 0.0’7,j1,(6) between 0.06 and 0.08, and f1.(2.) be- 
tween 0.16 and 0.23. Alternatively, when x is i n  the range 
20/200 to 60/24O.f>(l’) lies between 0.18 and 025..t(,( 1’) 
between 0.10 and 0.12, f l t ( 6 )  between 0.18 and 9.25, arid 
fl ,(2) remains constant a t  0.08. W e  note in passing that the 
sensitivity of various Overhauser effects to changes in site 
distribution is itself a function of x; at 20/200 and 200/20,  
the NOE enhancements are relatively insensitive to changes 
in site distribution. 

Because of‘ its relative simplicity, we should like to men- 
tion an additional considered torsional niodel for N MN’ , 
namely the free-rotation model i n  which all angles h a w  
equal probability.* Employing this rnode1,f l ’ (2 )  a n d f l ’ ( 6 )  
are both calculated as being cu. 0.15. andf l (1’ )  a t id j ‘~ ,  ( I ’) 
as being cti. 0.03. ‘This model is clearly not accommodated 
by observation (see tables) 

At this point the experimental data could be fit to gaiiss- 
ian o r  similar distributions. Due to experimental, model, 
and theoretical uncertainties (the latter arising since libra- 
tion about potential minima may be faster than the overall 
correlation time) we considered such a refinement to be u n -  
warranted. 

Upon lowering the sample temperature to So,,/ 1 ,  (2) and 
f l ’  (6) were found to be 0.14 and 0.1 5, respectively. Hence. 
there does not appear to be any appreciable change in site 
partition accompanying the change i n  temperature. 

The above studies were carried out at  pD 4.8. We also in.. 
vestigated N M N +  at pl) 7.0 (the p K ,  (H2O) for the secontl 
ionization of the phosphate group has been shown to be cu. 
5.8 (Sarma arid Mynott, 1973b)); the results are given in 
’Table 11. Comparison of Tables I and I1 reveals little. i f ‘  
any, difference between the observed Overhauser effect for 
N M N f  a t  the two pD values. The geometric disposition of 
N M N +  dnes not seern, therefore, to  be n1easur:tbly altered 

...... ... __. ......... . . . . . . . . . . . .  

1 1  

tively small and. forf7(3’) andfh(3’), in  a direction that we terconwrGionr  between these angle\ k c u r  a t  J rnte leu\ th,tn I ‘ T ~  
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~- --- - 
Table 11: Nuclear Overhauser Effect Enhancements for 
ca. 0.25 M NMNi- in DzO (pD 7.0) at 35'. 

P rot on Observed 
p 1. oton " 

Saturated H, H4 HS H6 Hi. 

H2 0.14 
fr, 0.17 
Hi. 0.21 0.0 0.0 0.15 
H,, 0.09 0.06 

by the change in phosphate ionization. This change in ion- 
iiation may, however, be somewhat less than one expects on 
the basis of pK, and pD values due to the possible interven- 
tion of a deuterium isotope effect (Meadows, 1972). 

Having equated the observed enhancements to a set of 
parameters. the question of solution degeneracy naturally 

arises. Unfortunately, no investigations into this aspect of 
Overhauser effects are extant. For N M N f ,  more complete 
solutions than the one offered here undoubtedly exist; that 
is, solutions which take into account rapid (relative to 7,) 
torsional oscillations about potential minima, the presence 
of and correlation of additional internal motions, population 
in ranges other than those considered, err. The taking of 
these considerations into account should  no^, however, re- 
sult  in a model of N M N +  that differs in essence from that 
already presented. Thus, the low observed values for J'> (2') 
and f6(2') will. in any model, rule out significant popula- 
tion in the ranges centered about x = 120 and 300°, while 
both the equality offt((2) andf'lT(6) and the high values 
forf2 (1') and'fb (1') will, in any model, rule out sigrzificant 
deviation from equal population in the two ranges, x cu. 
0--60 and I 80--240°. We emphasize, however, that the exact 
values for x determined by this study for N M N +  should be 
taken with due caution. 

Son et ai. (1972) have recently expressed the view that 
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an elaborate fitting of observed Overhauser enhancements 
to theoretical calculations, such as those carried out by 
Schirnier et al. (1972) ‘or here is not warranted, due to 
uncertainties in our present knowledge of the geometry and 
internal modes of motion of various nucleosides and nucleo- 
tides; they accordingly employed a simplified theoretical 
model for interpreting Overhauser enhancements. While we 
concur with these authors that our present knowledge of nu- 
cleoside and nucleotide geometry is limited, we maintain 
that i t  is only through a full theoretical treatment that the 
sensitivity of the measured Overhauser effects to the pa- 
rameters of intereat is determinable. 

Discussion 

Comparison of our results w,ith direct studies, that is, X- 
ray structural and theoretical investigations, is unfortunate- 
ly not possible, these being not yet available for the free 
pyridine nucleotides. Our results, however, may be dis- 
cussed i n  terms of the somewhat analogous pyrimidine and 
purine _F’-nucleotides, of basic structures 1 and 2, respec. 
lively. 

on on 

1 
OH on 

2 

To date, the results of X-ray structural studies on 5’-nu- 
cleotides, with regard to their torsional distribution about 
the sugar-base linkage, may be summarized as follows: the 
glycosyl conformation is always in the anti range and the al- 
lowed range of x is relatively small, being between ca. 0 and 
70” (Sundaralingam, 1973; Yathindra and Sundaralingam, 
1973). Moreover, the x distribution appears to be bimodal, 
and correlatable with the furanose conformation (the two 
observed sugar conformations being the C3-endo arid the 
C2,-endo). The purine and pyrimidine nucleosides appear to 
be conformationally less rigid and both the syn and anti 
conformers have been noted (Sundaralingam, 1973); for 
these nucleosides, however, it is primarily the purine coni- 
pounds uhich exhibit the syn conformation (Sundaralin- 
gam. 1973; Olsen, 1973). The preferred values of x appear 
to be: 0-70” for pyrimidine nucleosides and 0-60’ and 
210 -225’ for purine nucleosides: a few exceptions to these 
ranges exist (Sundaralingam, 1969, 1973). The results of 
solution state studies of 5’-mononucleotides are conflicting 
(see, for examples, Son and Chachaty, 1973; Barry rt a/ . .  
1974); we hope to comment further on  this point at  a later 
time. 

Thc values ot‘ the range of x found for hMMN’. corre- 
spond t o  those generally found for purine and pyrimidine 
nucleosides and nucleotides. This general preference for the 
common syn and anti ranges appears to be more a reflection 
of the instability associated with the ranges centered about 
120 and 300”, arising from the interaction of the ortho sub- 
stituents of  the base with the ribose H” proton, than the 
special stability of the other ranges (see, for example, L.ak- 
shniinarayanan and Sasisekharan, 1970): for N M N + ,  the 
niiniinum H?-H!. distance for the 2’-exo conformer is ra.  
1.7 A .  

I n  contrast to the purine and pyrimidine 5’-nucleotides. 

N M N +  appears to show no marked preference for either 
the syn or anti geometry. Although it is tempting to ratio- 
nalize this lack of preference in terms of the two equivalent 
ortho substituents of the pyridine base (attributing thereby 
the observed behavior of the pyrimidine and purine nucleo- 
tides to some factor, apparently “steric repulsion,” residing 
in their respective ortho substituents), too many factors. as 
yet not evaluated, contribute to the syn/anti partition to 
permit proposing such an explanation. Insight into the na- 
ture of the torsional process in N M N +  and related coni- 
pounds must therefore await the results of theoretical calcii- 
lations and further experimental studies. 

The present work may be compared with previous deter- 
minations of the sqn/anti ratio in NMN+ (Sarma and Ka- 
plan, 1969; Kaplan and Sarma, 1970; Sarma and Mynott, 
1973a,b). These determinations, based on the changes i n  
the t i l  and t 1 6  ‘ H  nmr chemical shifts as a function of 
phosphate ionization, indicated that N M N +  exists exclu- 
sively or overwhelmingly in the syn conformer. Numerous 
assumptions go into such a determination, most of which 
are unable to be evaluated;’ hence the significance of con- 
clusions drawn from these studies is uncertain (for a related 
criticism of  such studies as applied to N A I I ’ ~  arid NADH, 
see Jacobus, 1971). In contrast, the NOE possesses a simple 
relationship between observation and geometry; moreover, 
geometric models arising from NOE studies on ;i given sys- 
tem are readily evaluated for parameter sensitivit). 

It is evident from this study that the syn and anti forms 
of N M K +  are isoenergetic, or nearly si). and interconvert- 
ing rapidly on  the nnir chemical shift time scale; were the 
interconversion not rapid, resonance doubling of all or some 
of the ten diastereotopic hydrogens bvoiild be expected in its 
‘ H  nmr spectrum (this argument may be further strength- 
ened by noting that no resonance doubling is observed in the 
C-  I3 nmr spectrum of N M N  +; see, Blumenstein a n d  Raft- 
ery, 1973). An ultrasonics study of Rhodes and Schimniel 
(1971) has indicated that the interconversion rate of the syn  
and anti forms of several nucleosidrs is o n  thc order of I O ”  
sec-l; one expects the same order of magnitude for N’MN’-. 
A s  a result of the relatively small energy difference between 
the syn and anti forms, and their apparently low barrier to 
interconversion, the partition may be readi l~ ,  altered by 
comparatively weak interactions, such as  those involved in 
enzyme binding. 

Experimental Section 
Samples of N M N +  were purchased from both Sigma and 

PL Biochemicals and used without further purification. 
Following lyophilization from DzO (3x), ra. 0.25 ~1 solu- 

’ These asunipt ions include: ( I  ) that  the phosphdte group does n o t  
influence til or Hg when they reside “exo” 10 the phosphatc gruup: ( 2 )  
that  Hz and 1-16 are  relatively shielded to the same extcnt when they 
are  “endo“ to the phosphate group; (3) that the synjan t i  ratio. or a n y  
other mode of  internal motion is not itself ;i function of medium pl-i: 
(4)  that  the s j n  and anti  ranges differ by 180’. .4ddirionall>. one tn11\1 
distinguish between magnetic shielding and electrostatic field effcc.15 
(T‘so. 1970); the latter mechanism will, for equal geimic~ric  d i a p o i -  
lions of the phosphate to the test proton, influence m a t  strongly tlic 
moat acidic proton. The 2 position of N M N +  has beeri h h o w n  to  be 
more acidic than the 6 position ( D u h b  er ul., 19SX). Thus. 1hc grcLiti.1’ 
dov.rifield shift of the H2 proton of N M N  + relative I O  the [-I(, proton 
could have arisen from tlie greater sensitivit) o f  H? to ~>h~ \p l i ; i t e  io i i -  

imtion rather than the proposed preference for the syri geometr).  That 
the interpretation of N M N +  chemical shifts is even mcxc compleu 1h;in 
notcd abo ie  comes from the recent observation of the I3C chernlL.:tl 
shifts of NMN+ as  a function of p f i  (Blumenstein and Rafter! 1973) 
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tions of N M N +  in D 2 0  (at pD 4.8 and 7.0) were degassed 
by the usual freeze-thaw method (five cycles a t  5 X IOv4 
Torr) and sealed under vacuum in thin-wall nmr tubes. The 
pD values were determined by adding a correction factor of 
0.4 (Lumry et al., 1951) to the measured pH values (ob- 
tained with a Radiometer PHM63 digital pH meter). 

All nmr measurements were performed on a Varian XL- 
100 spectrometer, with the deuterium resonance of D2O 
serving as the internal lock. A saturating rf field of ca. 0.25 
mG was, except as noted, employed for the N O E  measure- 
ments. The magnitude of this field was approximated from 
a plot off2 (1’)  as a function of the H I /  irradiating frequen- 
cy (see, Schirmer et al., 1970). 

Signal integration was performed both electronically and 
mechanically (use of a compensating planimeter); due to 
spin-spin couplings, changes in signal areas were generally 
not reflected in changes in peak heights. Electronic integra- 
tion was carried out twice, alternatively recording five trac- 
es with the saturating field off-resonance, then five traces 
with the saturating field on-resonance; spectra for mechani- 
cal integration were five times alternatively recorded as 
above. The results of the two procedures, each performed 
twice on different occasions, did not differ significantly 
( f0 .03) ,  and were averaged. Irradiation of either a blank 
portion of the spectrum or the residual H D O  peak caused 
no observable change in the signal areas of H2 or H6 rela- 
tive to their value in the absence of a saturating field. Addi- 
tion of M EDTA had no observable effect on the high- 
resolution spectrum. 

Nicotinamide mononucleotide presents a far from ideal 
case for measuring NOE enhancements, and a few words 
concerning experimental difficulties are in  order (the high- 
resolution spectral parameters for N M N +  above and below 
the pH for the second phosphate ionization are given in 
Sarma and Mynott, 1973b). The easiest and most accurate 
NOE enhancements to measure aref2 (1’) and f 6  (1’) since 
the HI !  resonance lies in  a region of the spectrum unencum- 
bered by other signals and can therefore be irradiated with- 
out altering the magnetizations of other resonances. Addi- 
tionally, the H2 and H6 resonances do not overlap either 
with themselves or with other resonances, and are thus 
readily measured. 

Since the observed low values for f 2  (2’) and f 6  (2’) play 
a significant role in the present analysis, it is necessary to 
demonstrate that Hz, was indeed irradiated and that suffi- 
cient power was put into the signal to cause saturation. The 
H 2’ resonance frequency was located by observing the col- 
lapse of the H I ,  doublet ( J  = 5.4 Hz) to a singlet; as spin 
38, Hoffman and ForsCn, 1966), it is clear that both condi- 
tions are fulfilled. 

For the N M N +  sample at  pD 4.8, the chemical shift dif- 
ference between H2 and H6 is ca. 17 Hz. We therefore 
found it advantageous to use a slightly weaker saturating rf 
field for the determinations o f f l ( (2 )  andf l / (6 ) ,  in order to 
minimize the possibility of simultaneously altering the mag- 
netizations of H2 and Hg. The saturating field was de- 
creased until the value for fl~(2) was approximately zero 
when the saturating field was shifted 15 Hz off the H2 ref- 
erence. Possibly, this results in a slight underestimation of 
f l ( (2)  andfl((6).  Such a procedure was not necessary at  pD 
7.0, where the chemical shift difference was 23 Hz. 

Since the chemical shift difference between H5’ and H5.r 
was small, and there were large spin-spin couplings be- 
tween and to these resonances, it was not possible to satu- 
rate either of them selectively. We thus attempted to satu- 

decoupling will require more power than saturation (see p 
rate them simultaneously using a single decoupling frequen- 
cy; it is doubtful that sufficient power was available to ac- 
complish this. Triple irradiation was not attempted. 

The chemical shift differences between H3l and H2, or 
Hql are not overly large: as a result, it is conceivable that 
saturation of any one of these signals resulted in a slight 
disturbance of the remaining signals. We did not attempt to 
compensate for this. 

The theoretical N O E  enhancements, as a function of site 
distribution and torsion angle, were calculated directly from 
eq A-2 of Schirmer et al. (1970); a computer program was 
written (FORTRAN I V )  for this purpose. It was assumed 
that all nuclei were under the extreme narrowing condition, 
that relaxation was exclusively dipole-dipole, that cross- 
correlation effects were negligible, and that a single correla- 
tion time suffices for all interaction vectors. The theoretical 
NOE’s presented in this article involving site exchange refer 
to case I1 conditions as defined by Schirmer et al. (1972). 
NOE’s for site exchange under their case I conditions were 
also calculated and the result of the analysis was essentially 
the same as that obtained using case I1 conditions. How- 
ever, as mentioned in the text, it is extremely improbable 
that case I conditions prevail, i.e., that kexchange << 1/Tl 
e 1 sec-I. 

The bond lengths and angles for N M N +  used in our cal- 
culations were based on X-ray structural studies of nicotin- 
amide (Wright and King, 1954) and ribose structures pre- 
sented by Arnott ( I  970) and Lakshminarayanan and Sasi- 
sekharan (1970). 
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Neural Regulation of Mammalian Fast and Slow Muscle 
Myosins: An Electrophoretic Analysis? 

J.  F. Y .  Hoh* 

ABSTRACT: Mammalian nerves to fast and slow muscles 
have the remarkable property of changing the speed of con- 
traction of muscles following cross-reinnervation. The bio- 
chemical basis of speed transformation is the change in my- 
osin in ATPase activity. This paper provides electrophoretic 
evidence for structural changes in myosin from cross-rein- 
nervated muscles. A method is described for the separation 
of intact fast and slow muscle myosins by polyacrylamide 
gel electrophoresis. This method utilizes the fact that ATP 
and its analogs prevent the formation of myosin polymers in 
low ionic strength buffers. In this system, normal fast mus- 

M o t o r  nerves exert a trophic effect upon skeletal m u -  
cles. A remarkable example of this trophic effect was the 
discovery by Buller et al. (1960) that when nerves to fast- 
and slow-contracting muscles in a mammalian limb were 
cut and sutured cross-wise, so that the fast muscle became 
reinnervated by the nerve to slow muscle and vice versa (an 
operation known as nerve cross-union), the time course of 
the isometric twitch of these muscles became altered: the 
fast muscle became slow, while the slow muscle became 
fast. Detailed physiological analysis of normal fast and slow 
mammalian muscles by Close (1964) revealed that they dif- 
fer in the intrinsic speed of shortening of their sarcomeres. 
This implies that the rate of sliding of thick and thin fila- 
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cle myosin has a higher electrophoretic mobility than slow 
muscle myosin. Normal rat soleus myosin has a major slow 
and a minor fast component due to two populations of mus- 
cle fibers. The same muscle cross-reinnervated by a fast 
muscle nerve shows only the fast component. The normal, 
homogeneous fast extensor digitorum longus muscle has 
only the electrophoretically fast myosin, but following 
cross-reinnervation it shows both fast and slow components. 
These results suggest that mammalian motor nerves can in- 
duce or suppress the expression of genes that codr: for fast 
and slow skeletal muscle myosins. 

ments relative to each other under unloaded conditions is 
different in fast and slow muscles. Furthermore, Closc 
(1969) showed that the intrinsic speeds of sarcomere short- 
ening in cross-reinnervated muscles were reciprocally al- 
tered. These physiological studies suggest that the site of 
action of the neural influence on speed is the contractile 
material, i.e., actin or myosin. The work of B6r;iny (1967) 
narrowed this to myosin since he showed that the actin-acti- 
vated ATPase activity of myosins from muscles of different 
speed was correlated with the speed of muscle shortening, 
whereas myosin ATPase activity was independent of the 
source of actin used in the ATPase reaction. This concept of  
the biochemical basis of speed transformation has been cor- 
roborated in studies which showed correlated changes i n  
myosin ATPase activity and muscle speed in cross-reinner- 
vated muscles (Buller e? ai., 1969; Bgrany and Close, 
1971). 

It has been postulated that mammalian nerves bring 
about speed changes by regulating the expression of genes 
that code for myosin (Hoh, 1969; Buller et al . ,  1969; G u t h  
et al., 1970). A major difficulty in  testing this hypothesis is 
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