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Protein Diffusion in Living Skeletal Muscle Fibers: Dependence on Protein
Size, Fiber Type, and Contraction

Simon Papadopoulos, Klaus D. Jirgens, and Gerolf Gros
Department of Physiology, Medizinische Hochschule Hannover, 30623 Hannover, Germany

ABSTRACT Sarcoplasmic protein diffusion was studied under different conditions, using microinjection in combination with
microspectrophotometry. Six globular proteins with molecular masses between 12 and 3700 kDa, with diameters from 3 to
30 nm, were used for the experiments. Proteins were injected into single, intact skeletal muscle fibers taken from either soleus
or extensor digitorum longus (edl) muscle of adult rats. No correlation was found between sarcomere spacing and the
sarcoplasmic diffusion coefficient (D) for all proteins studied. D of the smaller proteins cytochrome c (diameter 3.1 nm),
myoglobin (diameter 3.5 nm), and hemoglobin (diameter 5.5 nm) amounted to only ~1/10 of their value in water and was not
increased by auxotonic fiber contractions. D for cytochrome ¢ and myoglobin was significantly higher in fibers from edl
(mainly type Il fibers) compared to fibers from soleus (mainly type | fibers). Measurements of D for myoglobin at 37°C in
addition to 22°C led to a Q,, of 1.46 for this temperature range. For the larger proteins catalase (diameter 10.5 nm) and ferritin
(diameter 12.2 nm), a decrease in D to ~1/20 and ~1/50 of that in water was observed, whereas no diffusive flux at all of
earthworm hemoglobin (diameter 30 nm) along the fiber axis could be detected. We conclude that 1) sarcoplasmic protein
diffusion is strongly impaired by the presence of the myofilamental lattice, which also gives rise to differences in diffusivity
between different fiber types; 2) contractions do not cause significant convection in sarcoplasm and do not lead to increased
diffusional transport; and 3) in addition to the steric hindrance that slows down the diffusion of smaller proteins, diffusion of
large proteins is further hindered when their dimensions approach the interfilament distances. This molecular sieve property
progressively reduces intracellular diffusion of proteins when the molecular diameter increases to more than ~10 nm.

INTRODUCTION

Knowledge of the structural and rheological properties ofmolecules with a molecular mass s600 Da diffuse about
cytoplasm is necessary to develop concepts of intracellulanalf as fast in skeletal muscle as in dilute aqueous solution
transport processes. Experiments on the intracellular diffu(Kushmerick and Podolsky, 1969). There is hardly any
sion of molecules turned out to be a valuable tool for thisinformation about the diffusional behavior of macromole-
purpose (reviewed by Luby-Phelps et al., 1988). It is knowncules in intact muscle cells. Diffusion experiments on
from studies in model systems how the diffusion of mole-skinned fibers revealed a protein diffusion coefficient that
cules is affected by the properties of the diffusion mediumwas ~10 times smaller compared with the value in water.
A great deal of information about the motion of moleculesDiffusivity decreased with increasing molecular mass in the
in cytoplasm has been obtained from intracellular diffusionrange of 10-150 kDa (Maughan and Lord, 1988). A low
measurements of living cells with different techniques (flu- sarcoplasmic protein diffusivity was also observed in living
orescence recovery after photobleaching (FRAP), electrofipers for myoglobin, which has been investigated most
spin resonance, NMR) (Jacobson and Wojcieszyn, 1984iequently because of its involvement in intracellular oxy-

1999; Arrio-Dupont et al., 2000). Most studies were carriedpapadopoulos et al., 1995).

out on relatively small, mononucleated cells. These studies The aim of this study is to characterize protein diffusion
showed that cytoplasm is a structurally dynamic, highlyip, jiying mammalian muscle fibers for a wide range of sizes
complex diffusion medium. The cytoplasmic filamentous ot macromolecules (12-3700 kDa). It was investigated
and soluble proteins interfere with diffusing molecules inypether the structural differences between fast and slow
several ways, thereby slowing down intracellular translaye|etal muscle fibers give rise to appreciable differences in
tional diffusion. sarcoplasmic diffusion of these proteins. For two of the

d The m;t(etr)lotrh Oft strtlate:j rr:juscle Jllzjers e?(h'bgs at high proteins, we have investigated whether extensive contractile
egree of both structural order and dynamics due to Conélctivity enhances diffusive protein transport in sarcoplasm,
tractile activity. It was shown in resting fibers that small

which would indicate substantial convection of the sarco-
plasmic fluid induced by muscle fiber activity. Furthermore,

: — o the diffusivity of myoglobin at 37°C was also measured.
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allowing us to perform fast and repetitive measurements ofrotein concentrations were measured photometrically, using the extinction
the diffusion coefficient within the same experiment. coefficients €) given in Table 1. Centrifugation of the solutions (15,000
Six globular proteins with molecular diameters rangingg for 20 min) revealed no formation of protein crystals or precipitates.

The purity of the prepared protein solutions (except for earthworm Hb)
from 3 to 30 nm were Sele(.:ted for the measurements. Th@as checked by native gel electrophoresis. Cytochrameyoglobin,
proteins are well characterized, stable and (except for thBemoglobin, and catalase moved as one distinct band in the gels; ferritin,
biggest, earthworm hemoglobin), widely used as moleculahowever, showed a second band. The intensity of the band was measured
mass markers. The heme and iron content of the moleculgignsitometrically and found to make up maximally 10% of the total
made fluorescence Iabeling unnecessary and allowed us ?Bw_ount of the applied protein. The intensity and position of this band

. . . . . indicated the presence of ferritin dimers in the solution (Niitsu and Lis-
trace SarCOPIasm'C protein diffusion photometncally, de'towsky, 1973). The possible influence of these dimers on the magnitude of

spite the presence of strongly absorbing intrinsic myoglobin. the diffusion coefficients calculated for this protein is considered below.
Absorbance spectra of the proteins were recorded to find the most
sensitive wavelength for the microphotometric detection of the proteins

MATERIALS AND METHODS injected into the sarcoplasm. For the heme proteins the prominent absor-
. . bance maximumA,,,) in the Soret band was chosen as the measuring
Fiber preparation wavelength (Table 1). Horse spleen ferritin has no absorbance maximum in

) EPE visible range, but, because of the iron content of the protein, it shows
Muscle fiber bundles were prepared from the soleus or the edl muscle o . . . : .
a continuous increment in the light absorption toward shorter wavelengths.

female Wistar rats (body mass 230280 g) as described previously (Pal%ecause of the decreasing sensitivity of the microscope photometer in the

adopoulos et al., 1995). The bundles consisted of 2—20 muscle fibers al \/ ranae. an optimal measuring wavelenath of 400 nm was used to record
had a length of 1.0-1.2 cm. They were mounted in a measuring chamb(?r ge P 9 g

perfused with carbogen-equilibrated Ringer’s solution (pH 7.4; @ — erritin diffusion |n_the mu_scle fibers. L )
. f After the protein solutions were frozen in liquid nitrogen in aD-
375 mmHg). The bundles had a thickness less than@@Qallowing an . . o
: . aliquots, they were stored until use -a80°C.
adequate light transmittance of the sample. The sarcomere length was
noted after the bundles were mounted in the chamber for each experiment
and varied randomly between 2.4 and 3uwh. The temperature in the

chamber was controlled by a thermostat set to eithet-2Ror 37 + 1°C. Micropipettes

Short-shanked pipettes with tip diameters between 0.7 angu®.4vere
Protein solutions drawn from borosilicate capillaries (1B100F-4; WPI, Sarasota, FL) on a

programmable horizontal puller (BB-CH; Mecanex, Switzerland). The
The proteins used for microinjection were prepared as concentrated solwpipettes were back-filled (MicroFil; WPI) immediately before use with a
tions in phosphate buffer (24.7 mM KRO, 57.6 mM K;HPQ, 10.0 mM small amount of thawed and filtered protein solution and mounted on a
NaCl). NaCl was added to increase the osmolarity to 300 mOsm/liter. ThéPiezo pipette holder that is part of an electronic micromanipulator (PM10;
pH of the buffer was 7.17 (22°C), which is within the range of sarcoplas-Mérzhauser, Germany). Microinjection was carried out by application of
mic pH values found in resting muscles (Geers and Gros, 1990). Cyto300—660 kPa of pressure for a defined time interval (PicoPump; WPI).
chromec from horse heart and myoglobin from horse skeletal muscle were
purchased as lyophilized powder from Serva (Heidelberg, Germany). Beef
liver catalase and horse spleen ferritin were from Pharmacia (Freiburgsetup and measurements
Germany). Solutions of each of the lyophilized proteins were prepared by
dissolving the protein powder in a surplus of phosphate buffer. InsolubleThe experimental setup used for the microinjection experiments is based on
material was then removed by centrifugation (200 for 20 min at 4°C). an assembly described byrdens et al. (1994). The sample chamber
Human HbA was prepared according to the method afdus et al. (1980)  containing the fiber bundle was mounted on a computer-controlled scan-
from donated blood received from the local blood bank. Earthwdmum¢ ning stage (EK8B; Mezhéauser) of a microscope photometer (UEM; Zeiss,
bricus terrestri hemoglobin was purified according to the method of Gros Germany). A halogen bulb provided the light directed to the muscle fibers
(1978). by a condenser lens. The transmitted light was guided through a water

Utrafiltration membranes (Amicon, Beverly, MA) were used to concen- immersion objective lens (40; Nikon) with a 2-mm working distance. A

trate the protein solutions to their final concentrations (Table 1). Thefield diaphragm, variable in height and width, was inserted at a focal plane

TABLE 1 Some properties of the proteins used for microinjection

Concentration of Measuring
Mass injection solution € wavelength
Protein (kDa) (mmolfl), (g/dl) (I/mmol/cm) (nm)
Cytochromec 12.4 13.7;17.0 106* 410
Myoglobin 17.0 17.0; 29.0 188 409
Hemoglobin 64.5 3.3;21.0 1%5 414
Catalase 247.5 0.22;5.4 %0 405
Ferritin' 450-900 0.31;14.3 1,274 400
Earthworm hemoglobin 3,700 0.02;7.2 27,000 415

Extinction coefficients £) at the measuring wavelength are from * Margoliash and Frohwirt (19583heler et al. (1957§,Antonini and Brunori (1966)

(e refers to mmol heme in the oxygenated forfieilin and Hartree (1951)e(refers to mmol heme in the Be state).” Molecular mass and of ferritin
depend on the iron content of the proteinfor ferritin was calculated from the amount of lyophilized ferritin that was used to prepare the solution and
the final volume after concentration of the solutidschlom and Vinogradov (1973} fefers to mmol holoprotein).
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into the light path to restrict the area of the sample from which the intensityfell to values less than 0.05, where signal/noise ratio became unacceptable.
of the transmitted light was measured. In the experiments, the length of thBuration of the experiments thus depended mainly on the microinjected
area perpendicular to the longitudinal fiber axis was chosen to 2@% volume and on the magnitude Bf and ranged from 5 min to 3 h. Fig. 1
less than the fiber diameter, which ranged between 40 anch®land the  shows data from a microinjection experiment, where myoglobin diffusion
length parallel to the longitudinal fiber axis was 10—42@®. After passing  in a soleus fiber was studied. The first light intensity scan recorded after
through a monochromator (VIS; Zeiss), the transmitted light was receivednicroinjection ppen circlesindicated by 0in Fig. 1 A) shows myoglobin

by a photometer (PM3; Zeiss) that was connected to a 12-bit AD converteralready being distributed over100 um at both sides of the injection point.

The scanning stage, monochromator, and photometer were controlled byEhis relatively large distribution width at the beginning of the diffusion
PC via a programmable interface. measurements can be attributed to the injection pulse and to the time

To perform a microinjection experiment, an intact muscle fiber with a needed to withdraw the micropipette from the bath and move the stage to
distinct cross-striation pattern was selected. A segment of the fiber, bethe starting point of the scan. At the distal sites of the scanned segment that
tween 300 and 200@m in length, was then defined as the measuring had not yet been reached by the diffusing front of the protein, light intensity
distance. This was done by moving the scanning stage with a joystick andalues of the reference scan and those recorded after microinjection ex-
inspecting the fiber along its longitudinal axis. The stage was stopped whehibited no significant differences. Movement artifacts, occurring- 0%
the fiber was out of focus and the microscope was focused again to thef the scans, caused drastic changes in the absorbance profiles. Such
fiber edges. At each stop the three coordinates of the stage position weraeasurements were discarded.
transferred to the computer. After the last coordinates were recorded, the
computer interpolated between the recorded stage positions and calculated
the course of the scanning path so that 100-200 measuring points wefgvaluation of data
accessed along this path. Finally, a microinjection site at the center of the
fiber segment was selected, and its coordinates were also transmitted to ti&ie axial spread of the microinjected proteins in the muscle fibers was
computer. Regions near fiber ends were omitted to avoid reflection ofegarded as a one-dimensional diffusion process with infinite extension of
the diffusing molecules. During a scan the stage moved stepwise along tH&e diffusion path. The partial differential equation
scanning path, and after each step the intensity of the transmitted light was 2
measured by the photomultiplier. The duration of a scan depended on the aC -D- 9°C 1
path length, the number of steps, and the averaging frequency set for the E - W ( )
light intensity measurements; this amounted to 30—60 s. We calculated that
the advancement of the diffusing front during a scan introduced an error oflescribes the proportionality between the changei@fox along the
<1% into the results. diffusion pathx and the change in concentration with tim#C(dt). As-

A reference scan was performed before microinjection to eliminatesuming Beer’s law to hold for the muscle fiber, the observed changes in
disturbances of the measuring signal resulting from extracellular materiahbsorbance can be used instea€af Eqg. 1.D, the translational diffusion
(connective tissue, capillaries with blood cells). After the reference scarcoefficient, was calculated using a numerical solution (Crank-Nicolson
was taken, 20—60 pl of concentrated protein solution was microinjectedalgorithm) of Eq. 1. The first absorbance profile recorded after injection
into the fiber within a few seconds. Up to 15 successive scans were thewas always taken as the initial condition (see, for example, Figj.dpen
performed to record the changes in the transmittance profiles caused kgircles marked by 0). The curves recorded afterward (designated by, 2.5
axial diffusion of the protein. Scans were performed until peak absorbanc&.5, and 17.5, respectively, in Fig. B) were fitted with a least-squares
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FIGURE 1 @) Light intensity profiles taken befordiljed circles reference scan) and at different times afnpty symbojsmicroinjection of 26 pl
myoglobin into a rat soleus fiber. The abscissa represents the scanned distance along the longitudinal fiber axis. The injection-s86 was(atrow).
Ordinate: Intensity of transmitted light (mV) at 409 nm. Each profile consists of 200 measuring points recorded within 50 s. The first intetesity profi
recorded after microinjectiore(mpty circleyis marked 0 min; the seconérpty squargsthird (empty triangles and fourth émpty diamondsntensity

profiles were recorded 2.5, 7.5 and 17.5 min later, respectivB)yTle abscissa is the same as in FigA,2and on the ordinate the myoglobin related
absorbance in the Soret bandl,§s ) is plotted. The absorbance data were calculated by dividing the light intensities of the reference scan and the
respective postinjection scan and building the,jpof the result. The data were fitted by a least-square method to the solution of the one-dimensional
diffusion equation to calculate sarcoplasniic The initial distribution émpty circley is marked 0. The D found to describe the set of curves most
adequately<olid lineg in this case is 1.6< 10”7 cmé/s (T = 22°C). The sarcomere spacing was 8, and the fiber diameter amounted to Z8.
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method either separately or, as in the example shown in Fig. 1, as ahemoglobin, the respective meBrvalues in edl and soleus
ensemble to the splution of the differential 'equation by varﬁng\s Fig. fibers are not significantly different for the two proteins.
1B shows golid lineg, the measured profiles are well described by the Ay agtimate of the degree to which the 10% dimer con-
model of one-dimensional diffusion with a single diffusion coefficient, in . . . :
this case 1.6 107 c?/s. tent in the ferritin solution (see Materials and Methods) may
have affected the results obtained for this protein shows that
only minor effects can be expected. For the calculation, an
arbitrary absorbance profile was created, representing the
To investigate the influence of contractions on the intracellular spread 0*n|'tla|.dls'trlb!1tlon of ferritin att = 0 min. On the basis of
the microinjected proteins, additional experiments were carried out, ithis distribution, a second curve was then calculated fer
which the muscle fibers were electrically stimulated to perform auxotonic30 min, assuming as a worst case that 10% of the molecules
contraction series between the scans. For these experiments, either my@rere immobile during that time and that the remaining 90%
globin or hemoglobin was injected into fibers of the soleus muscle. Thediffused withD = 0.6 X 10°8 sz/S’ the value obtained for
experimental protocol for the contraction experiments has been describ T . .
elsewhere (Papadopoulos et al., 1995). Under the chosen conditions, t_gmtm in soleus fIbQFS_. The two profiles Wer? t_hen sub-
fiber bundles contracted te-60% of their initial length. Each cycle of Jje€cted to the usual fitting procedure. The deviation of the
contractions lasted for 20 min, during which the bundle shortened 120@alculatedD from the insertedD of 0.6 X 1078 cmé/s
times. amounted to 8%, which is negligible compared to the scatter
in the diffusion data obtained for ferritin (Table 2).
RESULTS No diffusion along the longitudinal fiber axis in both edl
U and soleus fibers could be observed for earthworm Hb. Fig.
Table 2 shows the diffusion coefficient®) found for the 2 shows nine subsequent absorbance profiles, measured
microinjected proteins in single soleus and edl muscle fibersver 35 min after microinjection of the protein. The profiles
at 22°C and relates the results to fhevalues of the same are almost identical, and no spreading of the molecules
proteins in dilute aqueous solution. In general, Ehealues  along the fiber can be observed (indicated bydh®wsin
measured in muscle fibers are relatively lo.of cyto-  Fig. 2). If sarcoplasmic diffusion of that protein takes place
chrome ¢, myoglobin, and hemoglobin in soleus fibers isat all, the diffusion coefficient should be extremely small.
~1/10 of the respective value in water. Whereas this is alsdhis is illustrated in Fig. 2 by the dotted line profile, which
true for hemoglobin diffusion in edl fiber§ of the smaller indicates how far the distribution of earthworm Hb would
proteins cytochrome ¢ and myoglobin is significantly higherextend after 35 min, if the protein diffuses 50 times more
(p < 0.001) in the fast muscle type. The diffusion coeffi- slowly (D = 2.6 x 10 ° cn/s) in fibers than in dilute
cient measured for myoglobin at 37°C in soleus fiberss(  aqueous solution = 1.3 X 10’ cn/s; Gros, 1978). For
24, not shown in Table 2) amountsB= (22.0 = 1.2) X this calculation, a Gaussian-shaped initial distribution, sim-
10 8 cn¥/s. ilar to the shape of the first profile measured, was assumed.
The relative reduction oD within fibers is higher for As the result shows, the distribution of the protein after a
catalase and is even more pronounced for ferritin, wher@5-min diffusion would extend ta=200 wm from the in-
sarcoplasmic diffusion is-20 (catalase) to~60 (ferritin)  jection site, whereas the actually measured profile at 35 min
times slower than in dilute solution. Like the values for is practically unchanged at 100 pum.

Contractions

TABLE 2 Protein diffusion in muscle and aqueous solution at 22°C

SoleusD, = SE edl D, = SE
Injected protein d (nm) (n) (n) Dh,0 SoleusDe/Dy,0 edl DeeifDyio

Cytochromec 3.1 13.0+ 0.6 16.2+ 0.6* 120 ~Y ~Y7
27) (22)

Myoglobin 35 12,5+ 1.3 18.7+ 0.8* 112 ~Y ~Y
(12) (12)

Hemoglobin 55 6.3 0.5 6.2+ 0.4 74 ~%12 ~Y12
(11) (13)

Catalase 10.2 2604 19+ 0.2 43 ~%7 ~Y23
(12) (16)

Ferritin 12.2 0.6= 0.1 09+ 0.1 38 ~Ye3 ~Yaz
(10) (26)

Earthworm hemoglobin 30 0 0 13 —0 —0

d, hydrodynamic diameter)..,, sarcoplasmi® measured in this study, number of experiments, where each fiber was used once for microinjection.
Disin 1078 cn? s~L. D values in dilute aqueous solutioB(,c) are from Ehrenberg (1957) for cytochrorogRiveros-Moreno and Wittenberg (1972)

for myoglobin and hemoglobin, Samejima et al. (1962) for catalase, and Gros et al. (1982) for ferritin and earthworm Hb.

* Significant difference | < 0.001, Student'$-test for unpaired samples) betweBnin soleus and edl fibers.
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FIGURE 2 Absorbance profiles (continuous lines= 415 nm) mea- ﬁ A 120 <&
sured within 35 min after microinjection afumbricus terrestriqiemoglo- 0 T T T T T
bin into a soleus muscle fiber. The protein was microinjected @tmdon 28 29 3.0 25 26 27

the abscissa; nine profiles are shown. The arrows are pointing at profile

regions where a high concentration gradient for earthworm Hb persisted

during the experim_ent,_ without causing a d_e‘e“"?‘b"? sp_read of the mol FIGURE 3 Intracellular diffusion coefficientsD) versus sarcomere
cules. The dotted_llne_ |_||usFrate_s the theo!’etlcal d|str|_but|0n_ of earthwormSpacing for cytochrome (top) and ferritin potton) in soleus and edl

Hb 35 min after microinjection, if the pjgte|n were to d'n‘fusfe in sarcoplasm fibers. The results demonstrate no significant dependency of the values of
S0 tlmes more slowlyil) = 2.6 x 10°° cnfs) than in dilute agueous D on sarcomere length (correlation coefficients between 0.12-eh80).
solution @ = 1.3 X 1077 cn?/s).

sarcomere spacing (Hm)

vidually calculatedD values and the time at which the
corresponding profile was measured. Fig. 4 shows the re-

sults obtained for myoglobin diffusion in soleus fibers. It

Extensive auxotonic contractions at 22°C did not lead to &an be seen that there is no systematic variation of the
significantly accelerated spread of microinjected myoglobindiffusion coefficient with time. Similar results were ob-

and hemoglobin within soleus fibers compared with the
mobility of these proteins in resting fibers. For myoglobin,
the mearD value found in contraction experiments£ 7)
was (13.3+ 0.7) X 10 8 cn/s. The respective diffusion
coefficient for hemoglobin{ = 10) amounted toD =
(7.3 + 0.6) X 10 8 cn¥fs.

Influence of contractions

served for all other proteins studied. The variatio®afeen

w

N
1

Sarcomere length and calculated
diffusion coefficients

TheD values listed in Table 2 were calculated from exper-
iments on fiber bundles that differed in sarcomere length. A
statistical analysis of sarcomere lengths versus the respec-
tive diffusion coefficients revealed no significant correla-
tion for the range of sarcomere lengths between 2.4 and
3.4 um. This is illustrated in Fig. 3 for the diffusion mea-
surements with the small cytochrongeand the relatively
large ferritin molecule.

-
1

diffusion coefficient D (10'7cm2/s)

time after microinjection  (sec)

FIGURE 4 IntracellulaiD versus time at which the corresponding pro-
files were recorded. Shown are the results obtained for myoglobin diffusion
in rat soleus fibers. Different symbols represent measurements carried out

) ] ) ) - ; o .
As has been mentioned in Materials and Methods, thdh 12 different muscle fibers (meaR value of 12.5x 108 cn?/s; see

duration of the experiment aried considerably. rangin Table 2). There is no systematic correlation between the diffusion coeffi-
urati _Xp ! S varl SI Y, . 9NQient and the time at which the profile used to calculatevas recorded.
from 5 to 180 min. For each set of measurements it Washe scatter oD within one series of profile recordings in an individual

deduced whether there was a correlation between the indimuscle fiber is smaller than its variation between different muscle fibers.

Duration of experiments and calculated
diffusion coefficients
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in subsequently recorded profiles in one fiber was alwaysSarcoplasmic viscosity
smaller than the variation oD found between different

muscle fibers. Because according to the Stokes-Einstein equaliors

A decrease inD with time would be expected, if the inversely related to viscosityy], it is to be expected that a

impulse that was used to inject the protein solution into theﬂ)gh cytolp':fasn:lc d\{;fsco_sny_ W('jl.ll I;ead ':ot_a Iolvathwnlh;g
fiber would only slowly disappear and still affect the first ! :ars, rfea |\éeho ! u_;'](.mf'.r;) fiute solu f[?nb i de OI vt
profiles recorded. A continuously decreasing convective/2UES Tound here within fibers were attributed solely 1o

component can therefore be excluded as an insignificariier COPIaSMIC viscosityy from diffusion of myoglobin in
factopr 9 ed! fibers would be 6x 103 Pa s (6 cP), whereas from

An increase irD during successive scans would be ex. diffusion of ferritin in soleus fibers it would amount to

— 72 . . - - . .
pected if the microinjected solution were to lead to a sub- 6 x 10"" Pa s (60 cP). Sixty centipoise is the viscosity

stantial increase in the protein concentration around théoﬁ_nﬂ n 4|2 g/dlt *t‘\,‘;ma” hemoglotilntsgluuo?h(Gtrots,l 1978)|’
microinjection site. The highest protein concentrations used/Nich 1S aimost twice as concentrated as the total muscle
for the experiments were those of myoglobin (29 g/dl) andprotem concentration. A more approprla_te asses_smgnt of the
hemoglobin (21 g/dl). If such a high concentration (and/ormﬂuence of SOIUbl‘? sa_rcoplasm|c proteins on d|ffu3|9n can
reversible aggregation of proteins) were to affect the preserRe made by considering _results on the gonqentratlon a_nd
measurements, one would expétto be smaller at the size _depend(_ance of protein self-dlff_usmn in simple protein
injection site and to increase when the protein solution isSOIUt'onS (Rlv_eros-Moreno and W|ttenb_erg, 1972; Gro_s,
diluted because of the progressing diffusion proces. 1978). According to t_hese results,_ ant_j with the assumption
would thus be a function of profile width and, for successivethat the sqluble protein concentration in sarcoplasm of adult
scans, a function of time. The absence of such an effect i uscle fibers hardly exceeds 10g/dl (Hasselbach and

the measurements can be explained by the drastic dilution chnellder, _%;‘351; tiobmls%n, |1952; (I)Iwn' ob_se_rv?ngns), the
the protein solutions already occurring during microinjec-sarcOp asmid ot the refatively small microinjected pro-

tion. This can be deduced from Fig. 1. From the injectedteins cytochromes and myoglobin should be only slightly

— 0, I 1 i
volume and the fiber diameter it can be calculated that thgelcreasefdhby 20| 3bQA’ co dmpir?d W'thhd”tl';ebs ol(;Jtlon.IIhz b
protein solution immediately after microinjection would values ot hemogiobin and catalase should be decreased by

: , ; ; ~40%, and those of the larger ferritin and earthworm Hb by
have filled a fiber segment only 1Am in length, if no L . .
dilution of the injected solution had taken place. But, as the 0% within fibers compared with water. Such reductions

much broader distribution of the protein seen immediateh?9"€€ nicely with results presented for small molecules like
. roader cistrby e protel I ! @TP and PCr (Hubley et al., 1995). But as seen in Fig. 5,
after microinjection (200um in Fig. 1 B) and the low

maximum absorbance value:l) show, the microinjected
solution was diluted by-20-fold at the injection site. Thus
local protein concentrations in the injected fiber are raised
only insignificantly above the normal total protein concen- 10°
tration in a fiber of~25 g/dl.

107

DISCUSSION 108

Mainly three factors have been discussed in the literature as
being responsible for a low translational diffusivity of mac-
romolecules within cells: a high viscosity of the intracellular
diffusion medium due to the soluble cytoplasmic proteins,
steric hindrance toward the diffusing molecules exhibited A : r
by cytoskeletal structures within cells, and reversible bind- -0 A — :
ing of the diffusing proteins to intracellular structures. As to 2 3 4| 3 16 2.8 91Er d (nzrg) 30 40
the last point, it cannot be completely excluded that some of molectiar clamete
the prOt?mS us_ed in the measuremer_]ts eXh'b't some aﬁclnlt¥IGURE 5 Relation between molecular sizk &nd diffusion coefficient
for mobile or immobile sarcoplasmic constituents. HOW- ) for the six microinjected proteins in different diffusion media (20°C).
ever, the present study shows a clear dependen€e@i O, D values for diffusion in dilute agueous solutid®, ¢, D measured in
protein size in intact skeletal muscle fibers, whereas strong 10 g/dl and 24 g/dl protein solution, respectively (hwalues for these
intracellular binding, as has been postulated by Jacobsopyotein congentratiqns are availablt_e fqr cytochrormand ca}talase). The
L. . . . . results obtained for intracellul& are indicated byl (soleus fibers) and
and Wojcieszyn (1984) for protein diffusion in fibroblasts, (edl fibers). Bars indicate SD. The dotted line indicates the drop in the
would have led more or less to the absence of a dependenggusion coefficient of earthworm Hixi(= 30 nm) to a nonmeasurable low
of the diffusivities from molecular mass. value.

LLEELILL S AR EELLL AL B

diffusion coefficient D (cm?/s)
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these diffusivities are much higher than the measured intramainly the structural properties of the myofibrillar space
cellular ones. In addition to thB values measured for the that determine protein diffusion. Because the mobility of
injected proteins at 22°C in soleus and edl fibers, the figurgroteins was measured in a direction parallel to the fiber
shows the diffusion coefficients in dilute aqueous solutionaxis, we have to consider the cross-sectional pattern of the
as well as in 10 g/dl and 24 g/dl protein solution. The different sarcomeric elements. In the overlap zone of the
values shown for 24 g/dl indicate that even if the total A-band, where the myofilaments show the typical hexago-
muscle protein concentration (structural plus soluble pronal arrangement, the surface-to-surface distance of the fil-
teins) of~24 g/dl (Moll, 1968) is assumed to determine the aments is only between 8 and 15 nm. The variation is due to
intracellular viscosity, the expectddl values are still 2-10 the dependence of filament spacing on sarcomere length
times higher than the protein diffusivities actually found in (Elliott et al., 1963). In this region, protruding cross-bridges
intact fibers. It is clear from these results that viscositymight additionally obstruct the diffusional spread in longi-
effects alone cannot account for the low intracellular proteintudinal direction. In the H-zone, where thin filaments are
diffusivities observed in skeletal muscle fibers. absent, the surface-to-surface distance between thick fila-
ments is 25-30 nm, and at the M-line region filaments that
are oriented either parallel or perpendicular to the longitu-
dinal fiber axis form a lattice with spaces20 nm wide

It is known from theoretical (Wang, 1954; Blum et al., (calculated from Knappeis and Carlsen, 1968). In the I-band
1989) and experimental (Hou et al., 1990) studies thategion, where thick filaments are lacking, the regular ar-
dimensions and arrangement of filamental structures exert angement of filaments is absent and the dimensions of the
strong influence on the translational movement of molednterfilament spaces vary strongly. In immediate vicinity to
cules. The diffusional spread of proteins is probably hin-the Z-disc, the thin filaments are oriented tetragonally with
dered in several ways because of the presence of intracehterfilamental surface distances 20 nm. Finally, in the
lular structures. First, the sarcoplasmic constituents occupgomplex Z-disc structure (Kelly and Cabhill, 1972) there
space that otherwise would be free for molecular moveseem to be two lattice patterns that are typical for contracted
ments (Blum et al., 1989). Second, the filaments (includingand relaxed muscle, respectively (Goldstein et al., 1991). In
cross-bridges) act as obstacles and make the diffusion pathisis region, surface-to-surface filament distances in the
longer because they have to be bypassed by the diffusinginge of 15-20 nm are likely to exist. In addition to the
molecules. This tortuosity effect contributes to the impairedfilaments that functionally belong to the contractile appara-
diffusion of the microinjected proteins along the fiber. tus, muscle fibers also contain a cytoskeletal system com-
Third, it is expected that relatively rigid globular particles prising microtubules and intermediate filaments (reviews of
like the proteins used are excluded from sarcoplasmic rekazarides (1982) and Waterman-Storer (1991); see also
gions where the interobstacle distances are smaller than tfi@ble 3).

dimensions of the diffusing molecule. Thus the intracellular As has been stated (Table 2), diffusion of the three
structures may act like molecular sieves. About 80% of thesmallest proteins (3—6-nm diameter) is hindered to about
volume of adult rat skeletal muscle fibers contains myofi-the same relative extent. This may be so because the sizes of
brils (Table 3). The remaining volume is largely filled with these molecules are all below the listed intermyofibrillar
organelles (nuclei, sarcoplasmic reticulum, mitochondria)and lattice space distances, and thus no significant exclusion
that probably represent impermeable obstacles to the diffurom the myofibrillar meshwork occurs. Thus the main
sion of proteins. It can thus be expected that it should baliffusion hindrance for these molecules should be the tor-
tuosity of the diffusion path (e.g., due to myofilaments,
cross-bridges, filaments of the Z-disc and M-lines, or-
ganelles). For molecules of the size of catalase (diameter
~10 nm) and, to a greater extent, of ferritin (diameter of

Effects due to the presence of structural barriers

TABLE 3 Morphological data from adult rat edl and soleus

Parameter edl| Soleus o : . . o
. ot 12.2 nm), additional diffusion barriers within the sarco-

Type  fibers (SO) (%) 3 84 plasm may become critical. Because the sizes of these
Type lla fibers (FOG) (%)* 59 16 . . . .
Type Iib fibers (FG) (%)* 38 0 blgggr protelns_are very S|m_|lar to the mesh width of the
Mitochondria (vol%) 4.9 8.3 myofibrillar lattice at certain locations, the molecules
Sarcoplasmic reticulum (vol%) 9.3 5.3 should experience serious hindrance from these structures,
m_'sctw'dth (nm)~ N 64 A _dllzf, although there is evidence that there is no absolute exclu-

wine ;’Ar_rg‘r';'&éersee mbfi'dé‘é‘; sion of molecules the size of catalase and ferritin from the
Relative content of microtubdii 1.0 17 myofibrillar space (Franzini-Armstrong, 1970). On the basis
Nuclei (vol%)t 1.0 1.7 of the filament distances listed above, the critical regions are
Myofibrils (vol%)" 81.0 80.2 likely to be the zone of actin-myosin overlap and perhaps

* Shah and Sahgal (1991,Davey and Wong (1980); Sjostram et al.

(1982),5 Stromer (1995)Tvan Ekeren et al. (1992).
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brillar space or may be delayed until local structural fluc-so that the differences in these structures could explain the
tuations allow passage of the bottleneck. These proteins willlifferent diffusivities observed in the two muscles for both
thus be retarded to a greater extent while traversing aytochromec and myoglobin. However, it is not clear why
sarcomere in the longitudinal direction than the smallerthe intracellularD of the larger proteins was not signifi-
proteins. The fact that no diffusional movement of earth-cantly different in fibers of the two muscles.

worm Hb (diameter 30 nm) along the longitudinal fiber axis

could be observed indicates that this particle is trapped in

both myofibrillar (if it has access to the myofibrillar space Influence of contraction

atall) and extramyofibrillar regions. It seems, therefore, thaiye fing that extensive contractile activity does not increase
even Fhe extramyoﬁbnllar space cannot serve as an ‘?ﬁeCt'VSarcopIasmid:') of myoglobin. Baylor and Pape (1988) also
diffusion path for the diffusion of molecules the size of ;14 not observe such an effect in frog skeletal muscle
earthworm hemoglobin. fibers that were either electrically stimulated or passively
stretched and shortened. To determine whether this behav-
ior is unigue to myoglobin, we also conducted contraction
experiments with hemoglobin, which has a fourfold higher

It has been postulated that structural proteins within cellgnolecular mass. Moreover, no significant difference was
are surrounded by relatively thick layers of bound waterobserved for this protein between resting and contracting
with increased viscosity. Morel (1985) suggested that thdibers. These results show that contractions do not lead to
water shell of myofilaments could have a thickness betwee@ppreciable convection within fibers, thereby enhancing the
3 and 9 nm. The existence of such layers in muscle fiberéliffusional spread of molecules. The hypothesis of convec-
could impair the diffusion of molecules with dimensions tional transport of myoglobin (Mb) in sarcoplasm during
well below 10 nm. Wegmann et al. (1992) favored thiscontractions was proposed by Gayeski and Honig (1983) to
effect as a mechanism by which enzymes of average sizéxplain the flat intracellular [Mbg} gradients that the au-
like creatine kinase (83 kDa; diametei6 nm) are largely thors observed in heavily working muscles in the direction
excluded from the actomyosin overlap zone. However, thé€erpendicular to the fiber axis.

presence of significant amounts of bound water within cells

has been questioned (Fushimi and Verkman, 1991). Fushimi

and Verkman, employing picosecond polarization mi- 1émperature dependence

crofluorimetry of small molecules, measured the fluid phaserhe diffusion coefficient of myoglobin, which was of spe-
viscosity within fibroblasts to be not very differenty (= cijal interest to us because of its potential role in intracellular
1.2-1.4 cP) from that of free water. They concluded thaio, transport, was determined at 37°C in addition to 22°C.
most of the water within cells has no altered physicalThe figure obtained at 37°C is 1.8 times higher than that
properties that would be expected if a significant fraction ofgetermined at 22°C. From the tibvalues aQ,, of 1.46 is

water would be in a bound state. Similar results weregalculated. This value is somewhat higher than @g of
obtained by Luby-Phelps et al. (1993). A comparison of1 3 derived using the Einstein equation.

rotational and translational protein diffusion in muscle ar-

gues also against a marked amount of bound water (see

below). Comparison of diffusivities of small molecules
versus proteins in muscle cells

Bound water?

Fig. 6 gives a compilation of diffusion data obtained for
low-molecular-mass molecules and for proteins in muscle
The edl and the soleus muscle of rats differ markedly inpreparations. In many studies (Kushmerick and Podolsky,
their fiber type composition and their ultrastructures. To seel969; Caille and Hinke, 1974; Cleveland et al., 1976; Yo-
if these differences have an impact on diffusion, measureshizaki et al., 1982; Bentley et al., 1993), the mobilities of
ments were made in fibers from both muscles. As shown irsmall molecules (ions, ATP,;Pphosphocreatine, {pwere
Table 2, the diffusivities of cytochrome and myoglobin measured. Relative to thelr values in water, intracellular
were found to be significantlyp(< 0.001) higher in fibers diffusivities of small molecules were reduced by a factor of
of the edl compared to soleus. Table 3 lists some morpho=-2. Furthermore, an anisotropy of the diffusion coefficient
logical parameters of adult rat edl and soleus muscles. Theras observed for Ga (Engel et al., 1994), 9(Bentley et
most striking structural difference between the fiber typesal., 1993), and KO (Cleveland et al., 1976), where diffu-
appears to be represented by the thickness of the Z-disk arsibn in radial direction was slower than along the longitu-
the number of M-bridges that connect the filaments of thedinal fiber axis. An anisotropy of sarcoplasniris also
M-line. As has been stated above, these structures coulkery likely for ATP and phosphocreatine (Hubley et al.,
represent effective barriers to longitudinal protein diffusion,1995). This phenomenon was attributed to the higher tortu-

Protein diffusion in different fiber types
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104 the cytoplasm of cultured muscle cells. As in this study, the
authors found a negative correlation between protein size

= 2 and intracellulaD, but their values (except for the 540-kDa
“E 10 o protein) were considerably higher than the diffusion coef-
2 ficients reported here. This may indicate that protein diffu-
S 106 sion is less hindered in myotubes compared to adult muscle
& X fibers. The lower actomyosin content of immature fibers
pe compared to mature adult skeletal muscle fibers (Robinson,
g 107 1952) may account for this observation.
5 An abrupt decrease of sarcoplasniicwith increasing
E 10% molecular size is obvious for a molecular mass>ef00
T

kDa (Fig. 6). Proteins like glycerine-aldehyde-3-P-dehydro-
: genase (144 kDa), catalase (248 kDa), ferritin (450 kDa),
I T Illlllll T IIIIIIII T IIIIIIII T IIHHTl T llllm] T T and B-galaCtOSldase (540 kDa) dlffuse remarkably SIOle
10* 102 10®  10¢ 105 105 107 and earthworm Hb (3700 kDa) probably does not diffuse at
molecular mass  (Da) all in muscle cells. Fig. 6 also shows the diffusion coeffi-
cients measured in dilute aqueous solution for both the
o e e oo oy o oy SUBUNIS (385 and 595) and the complete partile (15) of
muscle fiber preparatiocr'ﬁil(ed symbol$ atp2y0°();. In the low molecular eukaryotic r'_bosomes (Nieuwenhuysen and Qlauvyart,
mass range <1 kDa) the results obtained for the diffusion of ions, 1981). The dimensions of the complete mammalian ribo-
metabolites, and small inert molecules are plotfétéd circles), whereas ~ some are 26< 32 nm (Verschoor and Frank, 1990), which
on the right side of the figurex10 kDa), theD values found for proteins  gre very similar to those of earthworm Hb. There are more
a’edSﬁ;‘g‘:’”ﬁ!‘ﬁiﬂai‘gr'g5(;258‘?0;':)?1':&?:%6:b“(‘g'%ff( gg)(lc?n7|4) particles or macromolecules within fibers that have similar
?hne D forgdiffusion in water is .shown, as it is for eul-<aryotic ribosgmal Q|men3|ons. Glycogen Qra”“'es (20-30-nm diameter), mul-
particles émpty squaresubunits and complete ribosom), translational  tieNZyme complexes with a molecular mass-&2600 kDa
D value for sarcoplasmic diffusion of myoglobin as derived from the (20—30-nm diameter; Kurganov et al., 1985), and mRNAs
results obtained by Livingston et al. (1983) for rotational myoglobin (diameter of a 1-kb transcript 20.3 nm; Luby-Phelps et
diffusion in bovine heart muscle. al., 1993) should hardly be mobile within fibers. The results
obtained by Pavlath et al. (1989) and Ono et al. (1994) on
osity effect that is exerted by the myofilamental lattice inthe distribution of gene products from individual nuclei
the radial direction. within muscle cells support our assumption. Pavlath et al.
Sarcoplasmic diffusion of proteins seems to be differenforoduced myotube heterokaryons by fusing human and mu-
from the diffusion of smaller molecules in at least two rine myoblasts and, using species-specific antibodies, could
respects. First, translational protein diffusivitieiglit-hand ~ show that the gene products were localized mainly in the
part of Fig. 6) are considerably more reduced in musclevicinity of the nuclei responsible for their synthesis. Ono et
fibers (~10-fold for a molecular mass between 10 and 100al. (1994) transfected mouse muscle fibers vtgalacto-
kDa). Second, there seems to be no significant anisotropy isidase genes and found a regionally restricted distribution of
the sarcoplasmic diffusion of proteins. Tievalues ob- the enzymes after gene expression; the gene products were
tained in skinned muscle fibers by Maughan and Lordmost abundant near the transfected nuclei. It can be assumed
(1988) for radial diffusion of intrinsic muscle proteins in the that in both cases the limited sarcoplasmic diffusivity of
molecular mass range between 12 and 144 kDa are verpacromolecules plays a role in the formation of nucleus-
similar to theD values presented in this study for diffusion associated domains in muscle fibers.
in the longitudinal direction in the same range of molecular

mass. Ashley et al. (1974) found the radial diffusion Coef‘RotationaI versus translational orotein diffusion
ficient of aequorin {20 kDa) to be 1-1.5¢ 10~/ cn¥/s in P

bundles of barnacle myofibrils at 20°C, a result that agreeén muscle

nicely with the longitudinaD for the similarly sized myo- Measurements of the rotational diffusion coefficient of pro-
globin presented here and in previous studies (Baylor anteins within muscle cells were also employed to obtain
Pape, 1988; Jgens et al., 1994). However, the longitudinal information about the physical properties of sarcoplasm.
D value for aequorin found by Blinks et al. (1978) in Wang et al. (1997) found a Mb rotational correlation time in
amphibian skeletal muscle fibers is two times lower thanmuscle that is only 1.4 times longer than in solution. Fur-
that of Ashley et al. (1974) when corrected to 22°C, usingthermore, Livingston et al. (1983), applying proton NMR to
a Q,q of 1.46. bovine heart muscle cells, derived a rotational diffusion
Recently, Arrio-Dupont et al. (2000) measured the diffu- coefficient that is one-half to one-third that in water. From
sion coefficients of proteins (between 21 and 540 kDa) inthis relatively small decrease in the rotatiomain muscle

—_
o
©
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cells the authors concluded that myoglobin possesses a higim) were found to exist in cytoplasm. It should be noted
intracellular mobility. By analogy, this would mean that the that dextrans are long-chain polysaccharides that do not
sarcoplasmicD for myoglobin translational diffusion have a fixed three-dimensional structure. Therefore, mole-
amounts to at least 4.2 10~/ cné/s, the value measured in cules with fairly well-defined dimensions like globular pro-
18 g/dl protein solution. But, as can be seen in Fig. 6, thigeins present an advantage for the investigation of the mo-
value is far higher compared with the myoglobin diffusivi- lecular sieve properties of intracellular structures compared
ties found in muscle by direct measurement. This illustratesvith flexible random coil polymers like dextrans.
that it is not possible to extrapolate the results obtained for
the h!ghly Iogallzed molecular movements Ilk? rotational The authors thank Dr. M. Wunder for his valuable help with the program
diffusion, which may be unaffected by tortuosity and eX- seq 1o solve the differential equations.
cluded volume effects, to long-range translational move-_, . .

. . . ; . This work was supported by a grant from the Deutsche Forschungsgemein-
ments, especially in complex diffusion media such as the s (Gr 489/5-4)
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