
Myoglobin Diffusion in Bovine Heart Muscle 

Abstract. The rotational mobility of myoglobin in situ was determined by proton 
nuclear magnetic resonance line width measurements of a characteristic myoglobin 
resonance observed in bovine heart muscle spectra. The protein diffuses intracellu- 
larly at nearly half the rate observed in dilute solution. This high mobility allows the 
oxygenated form of myoglobin to contribute signijkantly to the overall difusive fZux 
of oxygen in respiring heart muscle. 

Myoglobin (Mb) is an oxygen-binding 
heme protein found in the heart and 
skeletal muscle of vertebrates. Its func- 
tion in muscle is poorly understood. Re- 
cent evidence for a facilitation of intra- 
cellular oxygen diffusion by Mb has been 
based on in situ inactivation of the pro- 
tein and measurement of the resulting 
decrease in steady-state respiration of 
the tissue (1, 2). Nevertheless, a direct 
calculation of the contribution of facili- 
tated diffusion to the overall oxygen flux 
requires knowledge of the in situ diffu- 
sion constant of Mb (2). Nuclear magnet- 
ic resonance (NMR) is a noninvasive 
technique capable of yielding dynamic 
information on the molecule. The unique 
paramagnetism of the deoxy form of Mb 
causes an easily identified resonance of 
the proximal histidyl exchangeable N8 
proton to occur outside of the normal 
diamagnetic region of the 'H-NMR spec- 
trum. The field dependence of the line 
width of this peak makes it possible to 
determine the rotational correlation time 
(T,.) of the protein in situ, which is at 
maximum 2.3 times greater than that of 
the protein in dilute solution. 

A bovine heart received immediately 
after slaughter was transported to the 
laboratory in 0.25M sucrose on ice. A 
section of the heart wall muscle free of 
connective tissue was taken at 2OC and 
inserted into a 12-mm NMR tube which 
was fitted with a small capillary to allow 
displaced air to escape. The section was 
covered with 2 ml of a Ringer-Locke 
solution, and the tube was flushed with 
nitrogen to remove oxygen from the 
headspace. The purplish color of the 
sample was indicative of deoxymyoglo- 
bin (deoxyMb), which was expected as 
the dominant Mb form in respiring mus- 
cle under the anaerobic conditions in the 
tube. All muscle spectra were taken 
within several hours of receipt of the 
heart. Cardiac muscle is rich in oxidative 
(type I) muscle fibers which do not un- 
dergo significant alterations in structural 
integrity over several days time, as 
shown for these fibers in bovine longissi- 
mus muscle (3). Excised bovine muscle 
has been shown to maintain high activi- 
ties of several marker enzymes, such as 
nucleosidetriphosphotases (4), for ex- 
tended periods. Bovine Mb was purified 
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according to the procedures described 
by Hagler et al. (5). The resulting met- 
myoglobin, in a 10 percent D20 solution, 
was reduced and deoxygenated under N2 
by sodium dithionite immediately prior 
to the experiment. The 'H-NMR spectra 
were obtained at 200 and 360 MHz. 
Solution spectra were obtained at low 
Mb concentration (0.5 mM) to minimize 
viscosity effects. 

Myoglobin in the red-muscle fiber is 
unique in that 'H-NMR can be used to 
measure its mobility in situ, whereas 
similar studies would be unlikely for 
other proteins. Structural and mem- 
brane-bound proteins display large inho- 
mogeneity and dipolar broadening. Al- 
though most soluble proteins are found 
at concentrations well below those (- 1 
mM) required to overcome the insensi- 
tivity of the NMR technique, Mb con- 
centrations in mammalian red muscle 
tissue range from 0.1 to 0.5 mM. The 
paramagnetism of deoxyMb gives rise to 
a uniquely resolvable proton resonance 
due to the large hyperfine shift experi- 
enced, and the rapid electron spin relax- 

ation characteristics of the high-spin fer- 
rous porphyrin lead to a quadratic field- 
dependent relaxation mechanism (Curie 
spin relaxation) which directly yields the 
correlation time of rotational diffusion of 
the whole protein. The 'H-NMR spectra 
of numerous high-spin ferrous proteins 
in nonviscous solution have demonstrat- 
ed that the exchangeable proximal histi- 
dyl imidazole proton resonates in a 
unique window at - 80 parts per million 
(ppm) from the large diamagnetic enve- 
lope region which contains most of the 
resonances of all other mobile proton 
signals. 

Figure 1 shows the 'H-NMR spectrum 
of the muscle sample. The water peak at 
- 5 ppm dominates the spectrum, along 
with a high-field shoulder peak, probably 
due to aliphatic carbon protons from 
mobile lipid or protein components. 
However, a broad peak is visible at - 80 
ppm. This peak coincides with the previ- 
ously assigned (6) proximal imidazole 
exchangeable Ng proton found in the 
spectrum of purified bovine Mb in solu- 
tion, which is also shown in Fig. 1. A 
variation in sample temperature from 25" 
to 13°C produced identical - 3 ppm 
downfield shifts in both the solution and 
the muscle. Comparison of the peak area 
for the muscle spectrum with a 0.20 mM 
bovine Mb solution, which corresponds 
to the Mb concentration we measured in 
the muscle by conventional extraction 
techniques and visible spectrophotomet- 

Fig. 1. The 'H-NMR spectrum of bovine heart 
muscle and bovine Mb solution at 13'C. The 
predominant resonance at - 5 ppm is the H20 
peak. Insets show the proximal histidyl ex- 
changeable N8 proton resonance after a 500- 

B J~ (1 fold ;xpansion-of the muscle spectrum (A) 
and the corresponding resonance in a 0.75 

7 !i mM bovine Mb solution spectrum (B). All 
A x 5 0 0  solutions contained 10 percent D20 to provide 

~r'Jl?"-.~ a field-position lock for the spectrometer. The 
I pH of the bovine Mb solutions was measured 

) I ,  under N2 with a Beckman model 3500 pH 
M 'dl,_ meter equipped with an Ingold microcombina- ,A0' ' ' i0 ' ' ' do ' ' ' &, ' ' ' 

' ' ' 6 dp)n tion electrode. No correction was made to the 
measured pH values for the 10 percent D20 in 

the sample. Muscle spectra were acquired without field-lock signal. All spectra were acquired 
on Nicolet 200- and 360-MHz spectrometers in the Fourier transform mode with the use of 
quadrature detection. Solution spectra required - 10,000 transients for good signal-to-noise 
ratios, whereas muscle spectra required 50,000 to 100,000 transients. For integration of the 
exchangeable proton resonance, we collected spectra at 200 MHz into 4096 data points, using a 
presaturation pulse of 60 msec applied to the H20 signal followed by a 25-ksec 90" tipping pulse 
and a 51-msec acquisition time. The signal-to-noise ratio was enhanced by introduction of a 50- 
to 100-Hz line broadening, via exponential multiplication of the free induction decay (FID) prior 
to Fourier transformation. Account was made in calculation of in situ Mb concentration for the 
different number of transients required for the muscle spectra. Spectra used for the line width 
determination were collected at 25°C into 8192 data points with a "2-1-4" Refield observation 
pulse train (17) centered at - 100 ppm, with the sweep width set to fold in the H20 resonance at 
the edge of the spectrum (k20 kHz at 200-MHz field strength). This precise setting of the sweep 
width greatly decreased baseline roll and carrier pulse breakthrough. The tipping pulse was 
precisely adjusted under manual control via an analog-to-digital converter and potentiometer to 
minimize the components of the H20 in the FID. Line widths were determined by computer 
line-fitting routines (NTCCAP) available in the Nicolet NTC-1180 data system used for 
processing the spectra. Allowance was made for the artificially introduced line broadening. 
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Fig. 2. Variation of the line 
widths for bovine Mb in solu- 
tion, bovine heart muscle and 
bovine Mb in the presence of 
bovine serum albumin, BSA, 
all at 25°C. The resonance line 
widths of the proximal histidyl 
Ns proton are plotted versus 
the square of the field 
strength. These field strength 
units are converted to Hz/ 
(gauss)' for cgs (centimeter- 
gram-second) unit calcula- 
tions, based on Eq. 2. At least 
two line width determinations 
were made for each point, and 
the mean values were used for 
calculations. Linear regres- 
sion line fits were performed 
in calculating the slopes. Er- 0 2 4  6 8 1 0 1 2 1 4  

rors for each data ~ o i n t  are Field strength (MHz x 10-')2 

- 15 percent, with the variation dominated by uncertainties in the phasing and line-fitting 
procedures as opposed to sample-to-sample variations. Error bars are omitted for clarity. 

ric quantitation, indicates that within ex- relaxation time, Bo is the applied magnet- 
perimental error (- 10 percent) all of the ic field, k is Boltzmann's constant, T is 
Mb in the muscle is being observed. the absolute temperature, and T, is the 
Spectra used for integration were ac- rotational correlation time for the pro- 
quired with the use of a 90" tipping angle tein. Equation 1 was obtained from the 
and long repetition time to minimize TI original equation of Gueron ( 7 )  with the 
(spin lattice relaxation time) discrimina- terms expanded as described (8) .  For 
tion. In addition, the solution conductiv- rapid-spin electron relaxation (very short 
ity was adjusted to produce identical TI,), as found in deoxyMb, and for slow 
radio-frequency losses as  in the muscle, rotational diffusion, as  found for proteins 
thus providing similar probe tuning and even in dilute solution, the first term in 
sensitivity. Eq. 1 is field-independent but the second 

The chemical shift and line width of term (Curie spin) shows quadratic field 
the peak exclude the corresponding histi- dependence. The slope of a plot of line 
dyl peaks in deoxyhemoglobin (de- width versus magnetic field strength, 
oxyHb) as  its origin, since bovine hemo- ( B ~ ' ) ,  is given by 
globin was determined to have compara- 
ble peaks at  61 and 75 ppm (for the cu and slope = 4~ * ~ e $ ~ r  

p chains, respectively) with line widths 45,irk2T2r6 (2) 

300 H z  greater than that of the observed Such quadratic field dependence has 
muscle peak (4). Because deoxyHb is been observed for deoxyMb, deoxyHb 
below the limit of detection in situ, these (9),  and cytochrome c' (lo), and in this 
resonances are not detected in the mus- work for the exchangeable proton reso- 
cle spectrum. nance of sperm whale deoxyMb by line 

Figure 2 shows the field dependence of width measurements at 100, 200, and 360 
the line width in bovine Mb in solution MHz. The line widths of bovine Mb and 
and in situ. Dipolar relaxation in para- bovine heart muscle spectra were deter- 
magnetic compounds has two contribu- mined at 200 and 360 MHz.  The extrapo- 
tions. The affected nucleus relaxes in lated zero-field line widths for each sam- 
response to the field created by the fluc- ple were identical within experimental 
tuating part of the instantaneous elec- error, verifying the quadratic field de- 
tronic spin and by the averaged or "Cu- pendence for the protein. Knowledge of 
rie" spin. The latter is modulated only per and I .  (from x-ray crystallographic 
by the rotational motion of the molecule. data coordinates) allows calculation of 
These two effects on the observed line T,. The value of r was estimated to be 5.1 
width, Lw,  are expressed as  ( 7 ) :  .& from a three-dimensional molecular 

model of sperm whale Mb, obtained 

Lw = (& y2p,,~'r-*)Tlr + from the laboratory of Kendrew (11). 
Then T, is calculated for sperm whale Mb 

4Y2pe$r-Qo2 as 5.3 nsec and for bovine Mb as  6.4 

( 4 1'' (1) nsec, values consistent with the 6.5 nsec 
measured for sperm whale Mb at  29OC 

where y is the magnetogyric ratio, y,f is from the 'H-NMR field dependence of 
the effective magnetic moment, r is the the heme methyl peaks (9 )  and a T, of 
Fe-N8-H distance, TI, is the electronic 10.3 nsec at 15OC measured by polariza- 

tion of fluorescence (12). The similar 
values of T, we observe for sperm whale 
Mb and bovine Mb are expected from 
the similar masses (17,199 and 16,901 
daltons, respectively) and hydrodynamic 
properties (13) of these proteins. 

The apparent T, of bovine Mb in situ is 
15 nsec, roughly 2.5 times longer than in 
dilute solution. This value represents an 
upper limit for T, since inhomogeneity or 
dipolar broadening of the peak would 
contribute to the observed line width. 
The addition of 9 or 18 percent bovine 
serum albumin (BSA) to our dilute Mb 
solutions increases the observed line 
widths and calculated T, values to  9.0 
and 14 nsec, respectively. The viscosi- 
ties of these solutions were measured 
with an Ostwald viscometer, and the 
resulting relative viscosity (rlrel) was 
compared to the T, of bovine Mb solu- 
tion. Ratios of rlrel (BSAIdilute Mb solu- 
tion) were, respectively, 1.5 and 2.7 for 
the 9 and 18 percent BSA solutions, and 
the corresponding T, ratios were 1.4 and 
2.3, respectively. The T, thus reflects the 
overall solution viscosity, which we esti- 
mate for the sarcoplasm as approximate- 
ly 2.5 centipoise. 

The function of Mb in the muscle fiber 
has been poorly understood; Mb has 
traditionally been labeled an oxygen 
storage protein that increases the oxygen 
capacity of the tissue. Studies of respira- 
tion rate carried out under steady-state 
oxygen supply conditions on several red 
muscle systems, including pigeon muscle 
fiber bundles (14) and chicken gizzard 
smooth muscle (I) ,  have suggested a 
dynamic role for Mb in muscle respira- 
tion. Below limiting oxygen pressures 
(150 mmHg), Mb has been shown to 
facilitate oxygen diffusion to approxi- 
mately twice the level observed when 
the protein is inactivated (14). The condi- 
tions for facilitated diffusion of Mb have 
been described as  follows (15): (i) suffi- 
ciently low intracellular oxygen tension 
@02) to  allow deoxyMb to exist in vivo; 
(ii) a gradient of M b 0 2  to be formed to 
provide a driving force for facilitated 
diffusion; and (iii) sufficient mobility of 
the M b 0 2  to permit diffusion of the oxy- 
gen carrier. Although the first two condi- 
tions have been verified experimentally, 
the third condition has been implied by 
physiological studies but not directly 
measured as  far as we know. 

The ability to  detect unambiguously an 
NMR signal for Mb in situ may have 
direct clinical applications. Measure- 
ment of Mb02/deoxyMb ratios by inte- 
gration of the observed peak affords di- 
rect estimation of the p 0 2  of skeletal and 
heart muscle. A recent report of such a 
measurement by visible reflectance 
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spectrophotometry of perfused rat heart 
provides valuable information on 
changes in p 0 2  during contraction (16). 
The NMR method is potentially superi- 
or, however, because it is applicable to 
intact organs in vivo by use of topologi- 
cal surface probes. The method may be 
especially useful in monitoring the ef- 
fects of perfusates designed to maintain 
aerobic conditions in the heart. In addi- 
tion, the effects of oxidant drugs in in- 
ducing metmyoglobinemia may be fol- 
lowed, as the spectrum of metmyoglobin 
also shows characteristic resonances in 
the paramagnetic region. 
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Blood Cell Surface Changes in Drosophila 

Mutants with Melanotic Tumors 

Abstract. When wheat germ agglutinin conjugated tojuoresceit? isothiocyarzate is 
bound to hemocytes from larvae of Drosophila melanogaster, two populations of 
hemocytes are distinguished. One slzolvs a juoresce~zt speckled surface (spk') and 
the other lacks this characteristic Ispk-). In mutant larvae with melanotic tumors 
and in larval hosts with heterospec8c inzplants, most of the lanzellocytes ( a  
hernocyte variant involved in capsule formation and tissue rejection) are s p k i ,  
whereas the lamellocytes in nontumorous larvae are spk-. This suggests that spk+ 
lamellocytes are necessary for encapsulation of aberrant tissues in the tnutant larvae 
and are responsible for rejection of foreign tissue implants. 

Subpopulations of vertebrate lympho- 
cytes have been recognized and separat- 
ed by use of plant lectins specific for 
carbohydrate moieties on the cell sur- 
faces (1). Immunocompetent cells are 
distinguishable from immature cells by 
these methods. Although insects lack an 
immune system capable of antibody pro- 
duction, their blood cells do recognize 
foreign substances (2). Insect hemocytes 
readily phagocytize bacteria and small 
particulate materials that enter the he- 
mocoel. Larger foreign objects are sur- 
rounded by layers of flattened hemo- 
cytes, known as lamellocytes, that ad- 
here to each other, forming compact 
melanized capsules. In Drosophila me- 
lunogaster, encapsulation is also used to 
enclose aberrant tissues in mutant 
strains that develop melanotic tumors (3) 
and for rejection of heterospecific tissue 
implants (4). 

Capsule formation requires binding 
between lamellocytes that previously ex- 
isted as  separate cells in the hemocoel. 
Therefore, the surfaces of the lamello- 
cytes adhering to each other during en- 
capsulation of a foreign object must be 
altered so that they have adhesive sites 
o r  adhesive materials. If this is so, then 
lamellocytes stimulated to form capsules 
in the mutants with melanotic tumors 
should be distinguishable from lamello- 
cytes not actively engaged in such a 
response. To  test this possibility we used 
a temperature-sensitive mutant strain 
that develops melanotic tumors at per- 
missive temperature. Wheat germ agglu- 
tinin (WGA) conjugated to fluorescein 
isothiocyanate was used to show binding 
to lamellocytes. The percentage of la- 
mellocytes showing WGA binding as a 
speckled surface (spk') was increased at 
the tumor-permissive temperature; these 

Table 1. Blood cell response to wheat germ agglutinin. Data from nontumorous and tumorous 
larvae were obta~ned from two samples of hemocytes each taken from a pool of hemolymph 
from three specimens (except Ore-R lamellocyte counts. which were taken from four to six 
samples). Since data from the samples in each group were consistent (P > .5; X:df), they were 
pooled. Samples from four nontumorous larvae with Drosophila virilis implants were grouped 
into two consistent pools. Larvae were grown at temperatures used previously to study 
melanotic tumor formation or to study the blood cells of each strain ( 3 , 5 ) .  N.D., none detected. 

Strain, tempera- 
ture, and age Cell type Number 

of cells 
Percentage of 

spk' forms 

Ore-R 
26"C, 72 hours 
26"C, 88 hours 
26"C, 72 hours 

t u - S ~ ' ~  
18"C, 6 days 
18"C, 7 days 
18"C, 6 days 

tu-SzfS 
26°C. 50 hours 
26°C. 72 hours 
26"C, 72 hours 

tu- W 
24"C, 72 hours 
24"C, 90 hours 

tu bw 
24°C. 72 hours 

Nontumorous larvae 

Lamellocyte 22 
Lamellocy te 60 
Plasmatocyte 833 

Lamellocyte 470 
Lamellocyte 234 
Plasmatocyte 600 

Tumorous larvae 

Lamellocyte 247 
Lamellocyte 179 
Plasmatocyte 984 

Lamellocyte 
Lamellocy te 

Lamellocyte 218 
Nontumorous larvae with D.  virilis inzplants 

Lamellocyte 
Lamellocyte 

N.D. 
N.D. 
N.D. 

*Host age was 6 days, and hemocytes were sampled 26 hours later. 
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