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ABSTRACT In skeletal muscle the activation of phosphorylase b is catalyzed by phosphorylase kinase. Both enzymes occur in
vivo as part of a multienzyme complex. The two enzymes have been imaged by atomic force microscopy and the results
compared to those previously found by scanning tunneling microscopy. Scanning tunneling microscopy and atomic force
microscopy have been used to view complexes between the activating enzyme phosphorylase kinase and its substrate
phosphorylase b. Changes in the size and shape of phosphorylase kinase were obseved when it bound phosphorylase b.

INTRODUCTION

One of the goals of biochemistry is to understand the
interactions between enzymes that control life processes.
Whereas we have obtained direct structural information
on many-enzymes from x-ray crystallography, electron
microscopy, and scanning tunneling microscopy, almost
all of our information on the structure of enzyme com-
plexes comes from inferences derived from indirect mea-
surements. In this report, we provide images of two
enzymes, phosphorylase b and phosphorylase kinase, in
their isolated and complexed states. Direct visualization
with atomic force microscopy (AFM)' and scanning
tunneling microscopy (STM) permits changes in size and
shape of phosphorylase kinase upon complex formation
with phosphorylase b to be determined. We have shown
that AFM and STM provide complementary information
on the structure of biomacromolecules.

Muscle glycogenolysis is controlled by the combined
influence of neuronal and hormonal regulation. After a
series of signal transduction processes, a phosphate is
transferred from Mg-ATP to phosphorylase b, by phos-
phorylase kinase. Both of these proteins have been studied
by STM (1, 2) and the images were seen to have
structural features similar to those found by x-ray crystal-
lography (3) and electron microscopy (4—6). Phosphory-
lase b (M, 97,500) which occurs in dilute solution as
dimers or tetramers (7) was found to form linear chains of
dimers when applied to the graphite surface used to hold
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the sample during STM. Phosphorylase kinase (M, 1.3 x
10°) is a hexadecamer of four copies each of four different
subunits (a, 8, v, 6) (8). Images of this enzyme showed
single bilobate molecules corresponding to a dimer of
octamers (4). During the catalytic event, the y-subunits
of phosphorylase kinase bind phosphorylase b to form an
enzyme-substrate complex (9, 10). The stoichiometry of
this complex during catalysis is not known although with
four catalytic subunits the kinase may bind up to four
phosphorylase b molecules. Under nonphysiological, di-
lute conditions, only two phosphorylase b have been

FIGURE! Representation of phosphorylase kinase with dimensions
listed in Table 1. The numbers on the dotted lines are the values reported
previously (1). The end points of those lines were at the place where
tangent lines left the perimeter of the molecules. We found it more
useful to use the dimensions labeled A, B, and C for the calculations
presented in this report. The asterisks indicate the approximate position
of the height measurements. The diagram is not drawn to scale.
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FIGURE2 Images of individual phosphorylase kinase molecules by STM (A4) and AFM (B). The enzyme was applied to the graphite surface and

scanned as described in Experimental Procedures.

reported to be bound to the enzyme (11). Reaction
mechanism studies showed that the binding of phosphory-
lase b and Mg-ATP to phosphorylase kinase is either
random (12) or ordered bi-bi (13). At high concentrations
of the proteins, a complex between phosphorylase kinase
and phosphorylase b should be observable in either case.
The near field techniques of STM (14) and AFM (15)
depend on probes with tips of atomic dimensions scanning
the surface of an object while a computer maintains a
constant height or tunneling current for STM, or force
between the probe and the surface in the case of AFM.
The feedback signal in STM is an electrical tunneling
current passing from the wire probe through the sample to
the underlying conductive surface. In AFM, the signal is
a force between the surface being imaged and a sharp
diamond shard mounted on a mirrored cantilever. The
position of the cantilever is reported to the computer by a
reflected laser beam. Both techniques are capable of
providing images with resolution at the atomic level for
conducting, crystalline materials. They are presented

here as methods of visualizing protein molecules and their
complexes.

EXPERIMENTAL PROCEDURES

A Nanoscope II (Digital Equipment Inc., Santa Barbara, CA) was used
for STM as described previously (1). AFM was performed using a
Nanoscope FM and a diamond stylus probe (16). Phosphorylase b (17)
and phosphorylase kinase (18) were prepared from rabbit muscle and
stored in buffer (50% glycerol, 25 mM Hepes, | mM EDTA, 0.5 mM
B-mercaptoethanol, and pH 7.0). Before use for imaging, the enzymes
were dialyzed extensively against 20 mM Hepes, pH 7.0. Samples were
applied to the graphite surface as described previously (1). In the cases
where complexes were to be viewed, the proteins were mixed and
incubated at room temperature for 2-5 min before applying to the
graphite surface. Image measurements and data analysis were all
carried out using the software provided with the instruments. STM bias
potentials were between 80 and 120 mV and the current was set to
between 0.4 and 0.6 nA. The D head was used with a mechanically
sheared Pt/Ir (80/20) probe. Dimensions were obtained using cross
sections of the images and measuring between the points where the first
obvious increases in height occurred on each edge (Fig. 1). Thickness
measurements were also made from cross sections. Four measurements
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FIGURE 2

(continued)

were made near the “corners” of each molecule (as indicated in Fig. 1).
The four values were ranked and the mean of the two central values was
taken as the thickness of that molecule. Where reported, n values signify
the number of individual molecules or complexes measured.

RESULTS AND DISCUSSION

Our primary goal in this report is to describe a complex
formed by phosphorylase kinase and phosphorylase 5. We
first focus on the images and measurements of the
individual enzymes. An understanding of their sizes and
conformations provides a basis for interpretation of the
images of the multienzyme complexes.

The visualizations of phosphorylase kinase obtained by
AFM and STM are compared in Fig. 2. The STM image
(Fig. 2 A) is a representative view of the molecule

showing the butterfly shape and central depression de-
scribed previously (1). An example of an AFM image of
phosphorylase kinase can be seen in Fig. 2 B. This image
is typical of AFM images we have obtained which lack the

TABLE 1 Measurements of phosphorylase kinase by
STM and AFM
A* B C Height  Area Volume
nm nm nm nm* nm’
STM 36 22 27 0.69 780 540
(n=4) (35-37)% (17-25) (26-27) (0.61-0.72)
AFM 32 23 22 59 605 3570
(n=26) (28-37) (16-32) (21-26) (4.7-6.9)

*Letters refer to dimensions on Fig. 1; *Ranges are in parentheses.
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FIGURE3 A phosphorylase tetramer as visualized by AFM.

apparent detail seen in the STM images of this protein
although the overall shape and size are similar. In
addition to the typical examples shown here we occasion-
ally see what appear to be damaged molecules including
those with partially separated lobes. These fragmented or
distorted molecules are similar to those observed by
electron microscopy (4). Measurement of the phosphory-
lase kinase molecules by the two techniques yielded the
values in Table 1. The areas and volumes were calculated
based on the simplifying assumptions of a trapezoidal
shape and a uniform thickness. The volumes of 540 nm?
(STM) and 3,570 nm® (AFM) are 0.3 and 2 times the
calculated volume, V,, which is 1,800 nm?, This is
obtained by assuming a partial specific volume (V) of
0.74 cm®/g (18), an extent of hydration of air-dried
protein films corresponding to §, = 0.4 mol H,0/mol
amino acid (19) and a molecular weight, M, of 1.3 x 10°
g/mol using

Vi = (M/No)(l_/z +8,7),

where N, is Avogadro’s number, and ¥, is the molar
volume of water.

Neither STM nor AFM gives a molecular volume that
is close to the calculated value. The lateral dimensions
obtained by the two near field techniques are in reason-
able agreement. The large differences in vertical dimen-
sions reflect the difference in STM and AFM interactions
with the specimens that are responsible for image genera-
tion. In STM, the feedback signal, which maintains
constant separation between the tip and the sample, is
determined by a combination of the physical dimensions
and the interaction between the graphite substrate and
the protein (20). With organic molecules the measured
vertical distance is always found to be less than the actual
physical dimension. For example, with DNA the diameter
of the helix measured in the vertical dimension is 1.4 nm
whereas the value obtained in the horizontal direction, 2.5
nm, agrees with x-ray data (21). Our thickness measure-
ments of phosphorylase b molecules by STM yield an
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FIGURE 4 A short section of a chain of phosphorylase b dimers (yellow). The entire chain was several micrometers long. The chain is 11 nm wide and
the repeat distance is 5.7 nm. The phosphorylase chain is seen to be crossing a ledge (white) on the graphite surface at left of center in the figure. A
narrower scan on the cover of this issue shows six phosphorylase dimers at a higher magnification.

average value of 1.6 + 0.2 nm (n = 8). X-Ray scattering
and electron microscopy studies indicate that the mini-
mum dimension is ~5.5 nm (6, 22) giving an STM
thickness that is only 30% of the established value.
Because the basis for image production of these large
insulating molecules is not known, it is not possible to
explain the height discrepancy. For monolayers of small
organic compounds, with thicknesses of <5 A, it has been
proposed that image contrast is caused by the permanent
or induced polarization of the organic molecules modify-
ing the local electrical work function of the graphite (20).
It seems unlikely that large proteins with thicknesses of as
much as 50 A could be imaged by that mechanism. With
AFM, the vertical dimension is determined by the displace-
ment of the diamond stylus as it rasters across the

sample’s surface. If the deformability of the substrate
(graphite) and the protein molecule are similar, the
vertical displacement should be an accurate measure of
the molecular height. The discrepancy between the vol-
ume measured by AFM and that calculated for phosphor-
ylase kinase may be due to the inability of the AFM to
resolve molecular substructure. AFM images of phosphor-
ylase kinase are biolobar, slightly convex plates whose
measured volumes would be in error by the amount of any
such structural details that could not be detected. The
present fabrication techniques for preparing and mount-
ing AFM probes do not provide the level of image
resolution we find with STM. AFM resolution could be
lost because the diamond chip was not sufficiently sharp
or not mounted in the optimal orientation on the cantile-
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FIGURES A complex between phosphorylase kinase and phosphorylase b. The two proteins at a concentration of 0.1 mg/ml were dialyzed against a
10 mM imidazole buffer containing 100 uM CaCl, and 100 uM MgCl, then equal volumes mixed together and 0.5 ul applied to the pyrolytic graphite

chip and dried under a stream of nitrogen.

ver. The diamond chips are mounted with the aid of an
optical microscope, however, there is no way of knowing
whether the tip is sharp enough or properly oriented to
provide resolution at the submolecular level.

An AFM image of a phosphorylase tetramer shown in
Fig. 3 is similar to that seen in our earlier STM visualiza-
tions. The two dimers in Fig. 3 have average dimensions of
11 x 5.5 x 7.5 nm compared to 11 x 5.7 x 1.6 for the
STM images of a dimer (1) and the dimensions of 11 x
5.5 x 6.5 nm by electron diffraction (6), 11 x 5.5 x 6.2 by
x-ray scattering (22) and 12.5 x 6.3 nm by electron
microscopy (no thickness measured) (23). The AFM
images appear to agree perfectly with the sizes obtained
by other techniques in two dimensions and vary by only
15% in the third.

In addition to individual dimers and tetramers, with
STM we have often seen linear arrays of phosphorylase b
that are 11 nm wide with a repeat distance of 5.7 nm and

that extend for several micrometers. Portions of such
chains are shown in Fig. 4 and on the cover. These arrays
are formed by aggregation of dimers, presumably during
the drying process. The images shown here contains much
more evidence of surface details than our earlier ones (1).
Although such chains have not yet been seen in physiolog-
ically active structures, the high concentrations of phos-
phorylase in the glycogen particle (~2-4 mM) would
enhance the possibility of such aggregate forming. Elec-
tron microscopy studies have shown that dissolving crys-
tals of phosphorylase a yield aggregates of parallel dimers
that are at least 610 dimers long (6). In any case, the
propensity of phosphorylase to form linear arrays on the
graphite surface has proved useful in our study of the
enzyme’s structure and its metabolic interactions. In
electron microscope studies of phosphorylase b crystals,
chains of what appear to be tetramers found with a repeat
distance of 12.5 nm are seen side by side to form the
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FIGURE6 A second set of complexes between phosphorylase kinase and phosphorylase b. In this case several phosphorylase kinase molecules are
associated with a chain of phosphorylase b dimers. The arrows point to individual complexes and the circles denote those complexes that were

sufficiently distinct to measure (see text).

two-dimensional surface of the crystal (23). The dimer-
dimer interface was parallel to the individual chains.
Subsequent x-ray diffraction studies show that this sort of
tetramer of phosphorylase b is composed of two dimers
joined at their surfaces where the glycogen storage sites
are located (24). In the chain shown in Fig. 4, there is no
evidence of a tetrameric subunit and it appears that the
dimer—dimer interface is perpendicular to the chain.
Identification of the ligand binding sites on the STM
images will require a comparison of the STM data with
the crystallographic data as well as direct imaging of
ligand bound to phosphorylase; both studies are under-
way. Because the phosphorylase in muscle is bound to

glycogen at its glycogen storage site, the tetramers
formed during crystallization at high concentrations of
5’AMP-Mg or IMP are of questionable physiological
significance. Whether the chains formed on graphite and
seen by STM have physiological relevance remains to be
seen.

We next wished to explore the possibility of directly
viewing enzyme substrate complexes of phosphorylase
kinase and phosphorylase b. Complexes between the two
enzymes were prepared by mixing 1:5 molar ratios of
phosphorylase kinase and phosphorylase 4. The total
protein concentration of 0.1 mg/ml was a compromise,
high enough to maximize the possibility of finding com-
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FIGURE7 (A) A cross section of a single phosphorylase kinase molecule adsorbed to the graphite surface. (B) A cross-section of the phosphorylase
kinase molecule in Fig. 4 bound to phosphorylase b. In both cases the units of dimension are nanometers.

plexes on the graphite surface but low enough to minimize
nonspecific denaturing aggregation of the phosphorylase
kinase.

Fig. 5 shows the STM image of a complex formed
between a single phosphorylase kinase molecule and four
phosphorylase b aggregates of the type observed previ-
ously (1). Three of the phosphorylase b chains clearly
connect with the phosphorylase kinase and are linear with
the longest extending over 1 um across the graphite
surface toward the lower right in the photograph. The
other chains which are toward the lower and upper left
also extend for ~1 um. Profiles taken perpendicular to
each of the three linear chains yielded widths between 11
and 12 nm. The fourth phosphorylase b aggregate,
positioned below the phosphorylase kinase molecule in
Fig. 5 represents a condensed structure of the type
described previously (2). A second type of complex

containing several phosphorylase kinase molecules is
shown in Fig. 6. Six phosphorylase kinase molecules are
imaged as indicated by the arrows. In each case, the
phosphorylase kinase molecules appear to be oriented
with the junctions of their two lobes perpendicular to the
phosphorylase b chain.

Comparison of the images of phosphorylase kinase in
the isolated and complexed state shows that this molecule
undergoes significant change in its size and shape on
binding to its substrate, phosphorylase 4. The phosphory-
lase kinase molecule shown in Fig. 5 has a somewhat
smaller footprint on the graphite than the free enzyme
(Table 1). The maximum width across the lobar junction
of the complex was 32 nm compared with the range of
35-37 for the free form. The maximum dimension paral-
lel to the junction is 23 nm (26-27 nm for the uncom-
plexed form). The maximum height, however, increased
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FIGURE 7

(continued)

to 2.3 nm from a range of 0.61 to 0.72 for free phosphory-
lase kinase. By measuring the height and width of several
cross sections it was possible to estimate a volume for the
complex. That value, 1,100 nm3, is double that of the free
enzyme (540 nm®). Assuming there are four phosphory-
lase b molecules attached to the kinase, as indicated in
Fig. 5, one can add an incremental value for the four
phosphorylase b dimers. This was calculated based on an
11 x 5.7 nm dimer footprint (1) and the thickness of 1.6
nm reported above. That increment is 400 nm? giving a
calculated value for a complex between one phosphory-
lase kinase and four phosphorylase b dimers of 940 nm?.
Although image resolution was not as great, the four
complexes in Fig. 6 marked with circles at the arrows
were measured. The average dimensions were 29 nm

(27-30) by 20 nm (19-22) by 1.7 nm (1.5-2.1). The
average volume was 990 nm? (870-1,150). Refinements
in measurement techniques and more data will provide
better estimates of such volume changes and their relation-
ships to binding stoichiometries. One must keep in mind
that the apparent volumes measured by STM are about
three times smaller than the real values due to the error in
thickness measurement described above. Although the
two proteins imaged in this work were measured by STM
at 30% of their true height, other proteins must be
measured by this technique before a generalized correc-
tion factor could be appropriately introduced. Besides
apparent size changes, images of single phosphorylase
kinase molecules adsorbed onto the graphite surface
without phosphorylase b are much flatter in appearance
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FIGURES A complex between phosphorylase kinase and phosphorylase b viewed by AFM.

(Fig. 7 A) than those seen when the kinase is complexed
(Fig. 7 B). When bound to phosphorylase b, the central
depression between the two lobes of the kinase molecule
becomes more prominent and appears as a large cleft.

An AFM image of a phosphorylase kinase molecule
bound to an unorganized cluster of phosphorylase mole-
cules is shown in Fig. 8. The dimensions of the kinase
molecule are 33 x 26 x 5.5 nm; multiple cross section
measurements gave a volume of 4,600 nm®. Similar
measurements of the phosphorylase tetramer in Fig. 3
yielded a volume of 350 nm® per dimer. Although one
cannot see four distinct phosphorylase aggregates in this
case, the binding stoichiometry should be the same as for
the STM image. Four dimers of phosphorylase would
have an apparent volume of 1,400 nm® by AFM which
when added to the average AFM volume of phosphorylase
kinase from Table 1 gives a predicted complex volume of
~35,000 nm>, remarkably close to the measured volume of
the complex.

An important issue to be considered in these studies is
the possibility of the introduction of artifacts during the
sample preparation. Because both STM and AFM are
normally performed under conditions of room tempera-

ture and humidity and at atmospheric pressure it is not
usual to use carefully dried specimens. They would soon
equilibrate to the ambient condition. Several preliminary
preparations of freeze-dried specimens did not produce
better results. Freeze drying or critical point drying are
necessary to preserve the structure of complex surfaces
found on cells. Proteins, however, are molecules, held
together by covalent and secondary bonding forces that
are much stronger than those which maintain the integ-
rity of cellular structure. Proteins are thus several orders
of magnitude less sensitive to external forces such as ionic
strength, pH, temperature, and surface tension. To gain
an impression of the very high pressures induced by
surface tension, it is useful to calculate the pressure on a
drying sphere.? For a spherical protein 5 nm in diameter
the pressure would be ~540 atm. Whereas cells such as
erythrocytes are irreversibly modified when subjected to a

’The internal pressure of a sphere of water at 20°C due to surface
tension can be calculated from the equation described in 1805 by Pierre
Simon, Marquis de LaPlace (31): Ap = 2 x v/r, where v is the surface
tension of water (72.5 mJ m~2) and r is the radius.
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pressure of only 5 atm (25) proteins remain essentially
unaffected at pressures up to several thousand atmo-
spheres. Lactic dehydrogenase from a thermophilic bacte-
rium showed no changes in its quaternary structure or
catalytic function at pressures up to 2,800 atm (26). At
1,000 atm the unit cell of a lysozyme crystal was
compressed ~0.6% (27). At 2,000 atm immunoglobulin
light chains in solution did not unfold and showed volume
changes of <—100 ml/mol (28). Human apolipoprotein
A-I'showed a volume change of — 50 m!l/mol at 3,000 atm
and was not inactivated by that treatment (29). For
phosphorylase kinase with a molar volume of 9.6 x 10°
ml, a —100 ml/mol change would represent a 0.01%
decrease in volume. For phosphorylase the maximum
expected change would be on the order of 0.1%. Because
the volume of a prolate spheroid is a function of the
second power of the minor axis length, the degree of
flattening would be even less than the volume change.
Clearly the high pressures caused by surface tension can
be expected to have little or no effect on a protein
molecule. A direct study of drying forces on small objects
showed that while empty virus coats (nucleic acid re-
moved) and polystyrene spheres were flattened during air
drying, neither intact virus particles nor ribosomes were
distorted by that process (30). Macromolecules such as
proteins are much more stable to physical forces than
complex structures such as viruses and ribosomes. We
propose that the surface tension forces associated with air
drying of the samples is not sufficient to significantly
distort protein molecules.

In conclusion, we have shown that scanning tunneling
microscopy can be used to observe changes in protein
shape when phosphorylase kinase binds its substrate,
phosphorylase b. The images also provide information
about the spatial relationships between the two enzymes
in the complex. Neither crystallization nor elaborate
sample preparation was needed to obtain the images
presented here. Co-crystallization of phosphorylase b and
phosphorylase kinase could provide a complex for x-ray
diffraction studies, but the possibility of producing such
crystals is remote. Even if such a complex could be caused
to crystallize, its size (M, = 1.7 x 10°) is well beyond the
present range of crystallographic analysis. Atomic force
microscopy, while providing direct molecular thickness
measurements, does not yet have the ability to resolve
structural features at the same level as STM. Both
techniques are relatively simple to use and the instrumen-
tation is inexpensive compared to electron microscopes or
x-ray diffraction facilities. The STM-AFM combination
may be the method of choice for estimating the sizes and
shapes of proteins and their complexes.
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