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ABSTRACT Phosphorylation plays a critical role in con-
trolling the function of cytoskeletal assemblies but no direct
method yet exists to measure the phosphorylation state of
proteins at the level of individual molecules and assemblies.
Herein, we apply scanning transmission electron microscopy
in combination with electron energy loss spectroscopy to
measure the distributions of mass and phosphorus in neuro-
filaments (NFs) isolated from the squid giant axon. We find
that native squid NFs, in contrast to typical reconstituted
intermediate filaments, are a relatively homogeneous popu-
lation containing only eight coiled-coil dimers per cross
section. The measured stoichiometry of ;1:1 for lightyheavy
peptides strongly suggests that squid NFs are composed of
heterodimers. Furthermore, each heavy chain of the dimers
carries at least 100 phosphate groups and is, therefore,
near-maximally phosphorylated. These results also demon-
strate that scanning transmission electron microscopy com-
bined with electron energy loss spectroscopy at the nanometer
scale is capable of characterizing the level and distribution of
phosphorylation in individual mass-mapped protein assem-
blies.

Neurofilaments (NFs), a neuron-specific subtype of interme-
diate filament, are an essential structural component of the
axonal cytoskeleton (1, 2). The sequence and secondary
structure of NF protein subunits in many species are well
established (3), but the higher level organization of subunits
into filaments, including their degree and pattern of phos-
phorylation remains unclear, especially in native preparations.
Axoplasm from the squid giant axon is a particularly favorable
source for preparing native NFs that are assuredly only axonal
in origin. This axoplasm can be extruded and separated from
the surrounding glia as well as from the cell body, and NFs in
a configuration close to their native state can be readily
isolated.

Squid NFs contain low (NF-L, also known as NF-60, Mr 5
59,000) and high (NF-H, also NF-200, Mr 5 131,000) molec-
ular weight proteins (4, 5). As in all intermediate filaments,
each NF subunit in the squid contains an a-helical domain
favoring formation of parallel coiled-coil dimers (6). Like the
nuclear lamins, NF peptides in squid contain six additional
heptad repeats in their 348-residue a-helical domains, so that
each dimer has a central rod structure with a length 50–52 nm,
compared with 44–46 nm for vertebrate cytoplasmic interme-
diate filament proteins (7). The N-terminal and a-helical
domains of the two chains are essentially identical, but NF-H
has a C-terminal tail containing many consensus motifs for

phosphorylation (5). Phosphorylation is thought to play an
essential role in NF function, for example, by regulating NF
transport rates and spacing, and thereby determining cytoskel-
etal stability and axonal caliber (1, 2). However, neither the
actual phosphate content nor the subunit organization has ever
been determined for squid or any other native NFs. Since NFs
from mature squid giant axons are expected to be highly
phosphorylated (1, 2), these filaments should be a favorable
preparation for directly measuring the level and distribution of
phosphorylation in individual native NFs once their subunit
organization has been determined.

In this report, we describe the application of electron energy
loss spectroscopy (EELS) (8–10) in the scanning transmission
electron microscope (STEM) (11–13) to determine the mass
and phosphorus distributions along individual NFs from squid
giant axons. STEMyEELS has recently gained attention as a
near-atomic-resolution structural and nanoanalytical tool for
studying materials (14–16), but its application to biological
molecules has been largely precluded by the difficulty of
extracting information from very weak signals. This study
demonstrates that high-efficiency EELS can detect as few as 10
atoms of phosphorus bound to an individual protein assembly.
With such sensitivity, EELS can be combined with STEM mass
mapping to deduce the level and distribution of subunit
phosphorylation, as exemplified by the present results that
reveal the arrangement and phosphorylation level of subunits
in squid NFs. These findings also indicate that the STEMy
EELS approach may be generally applicable to characterizing
the phosphorylation level of other protein assemblies.

MATERIALS AND METHODS

Purification and Characterization of Squid Axonal NFs.
NFs from squid giant axon were purified by mildly dissociating
extruded axoplasm in potassium aspartate buffer; no signifi-
cant NF dephosphorylation occurs under these conditions
(17). After centrifugation at 125,000 3 g ~Beckman SW55 Ti
rotor! through a sucrose step gradient (30 and 50%) for 2–3 hr
at 4°C, a high yield of the NFs were recovered above the 50%
sucrose. The purified filaments were composed of two major
polypeptides with apparent molecular weights of 60,000 and
200,000, as determined by SDSyPAGE (Coomassie blue stain-
ing). To estimate the ratio of NF subunits, quantitative amino
acid analysis (Biotechnology Resource Laboratory, Yale Uni-
versity) was carried out after ion exchange chromatography of
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the hydrolysates of 60-kDa and 200-kDa bands cut from the
Coomassie blue-stained SDS gels.

The number and identity of consensus protein phosphory-
lation sites were estimated by using the ScanProsite tool on the
ExPASy World-Wide Web molecular biology server of the
University of Geneva and Geneva University Hospital (http:y
ywww.expasy.hcuge.chy). To arrive at a conservative estimate,
nonoverlapping sites for only protein kinase C and casein
kinase II were added to the XSP plus SEK sites (5, 18); sites
within coiled-coil regions were not counted.

Electron Microscopy. Specimens were prepared by adsorb-
ing NFs suspended in potassium aspartate buffer onto thin ('3
nm) carbon foils that had been floated onto copper grids and
briefly air-dried. Adsorbed NFs were lightly fixed for 1 min by
transferring grids onto drops of freshly dissolved 0.1% glutar-
aldehyde in buffer. Grids were then washed twice on separate
drops of 200 mM ammonium acetate and subsequently incu-
bated on a drop of suspended tobacco mosaic virus (TMV)
particles, which were adsorbed to the grid to provide mass and
phosphorus calibration (19–21). All washes were carried out by
stirring the grid floating on the appropriate solution for 20 s.
Some specimens were negative-stained in 1% uranyl acetate
and imaged in a JEOL 100CX transmission electron micro-
scope; others were blotted to a thin aqueous film and plunge-
frozen (Leica KF-80, Deerfield, IL) in liquid ethane at
2170°C. These grids were cryotransferred into a VG Micro-
scopes (East Grinstead, England) HB501 field-emission
STEM, freeze-dried at 2110°C, and recooled to 2160°C for
imaging. STEM images containing 1024 3 1024 pixels were
recorded with single-electron sensitivity at a dose of ;103

electronsynm2 as described (21). Images were analyzed on
Macintosh desktop computers using the image processing
program IMAGE available from W. S. Rasband at the National
Institutes of Health (http:yyrsb.info.nih.govynih-imagey).

EELS. EELS core-excitation spectra were recorded with a
Gatan (Warrendale, PA) model 666 electron spectrometer
equipped with a cooled photodiode array detector coupled to
a yittrium aluminum garnet (YAG) scintillator that provided
a detective quantum efficiency of ;0.3 at the high electron
fluxes used (10, 22). The beam energy was 100 keV (eV 5
electron volt) and the collection semi-angle referred to the
specimen was 10 milliradians. Extraction of the P L2,3 signal
(,0.5% of the background) was achieved by using a second-
difference acquisition technique in which the mean of two
spectra shifted over the detector by 68 eV was subtracted from
a third unshifted spectrum (8). This acquisition mode corrects
for the ;1% (rms) fixed-pattern noise caused by detector
channel-to-channel gain variations. Phosphorus in TMV was
quantified by using a least-squares procedure to fit a reference
spectrum from phosvitin (also recorded in second-difference
mode); this reference spectrum had been divided by the signal
in the normal phosvitin spectrum (integrated in a 50 eV
window above the L2,3 edge) so that the fitting coefficient
corresponded to the net phosphorus signal. The spectral
background due to valence excitations was modeled as }E23

where E is the energy loss.

RESULTS

Subunit Organization. In negatively stained preparations
(Fig. 1A), the purified NFs (Fig. 1B) appeared as homoge-
neous cylinders ;8 nm in diameter, which is significantly
narrower than the 10-nm diameter typical of intermediate
filaments (23, 24). Parallel preparations of rapidly frozen NFs
were cryotransferred into a 100-keV-field-emission STEM and
freeze-dried before collecting digital dark-field images at low
dose to avoid radiation damage (Fig. 1C). In addition to the
central core of the filaments, these images revealed the NF-H
sidearms as a diffuse intensity extending approximately 50 nm
on either side of the core.

Because the pixel intensities in such STEM images are
proportional to the projected mass of the polymer, the filament
mass per unit length can be determined (19, 20). In turn, the
number of subunits per NF cross section can be deduced from
this mass measurement if the subunit molecular weights,
NF-LyNF-H protein ratio, and dimer axial repeat distance are
also known. From the known length of the central rod domain,

FIG. 1. Electron micrographs and SDSyPAGE gels of native NFs
isolated from squid giant axon. (A) Conventional transmission elec-
tron micrograph of negatively stained preparation. NFs are visible as
undulating structures 8 6 1 nm in diameter; as expected, it was not
possible to visualize sidearms corresponding to NF-H carboxyl-
terminal tails. Rod-like particles of TMV are clearly distinguishable
from thinner NFs. Bar 5 100 nm. (B) Coomassie blue staining of
proteins separated by SDSyPAGE illustrates major proteins present in
axoplasm (lane 1) as compared with those in the NF preparation
isolated from axoplasm (lane 2). NF-H (NF-200) and NF-L (NF-60)
polypeptides are indicated (arrowheads). (C) Digital dark-field STEM
micrograph from preparation that was lightly fixed, rapidly frozen,
cryotransferred into the STEM, and freeze-dried. The cores of these
NFs appear structurally similar to those observed in the negatively
stained preparations but sidearms, representing the C-terminal tails of
NF-H subunits, are now visible as a diffuse intensity surrounding the
central cores. The swath of sidearms was evident, even though the
dark-field signal was too noisy to distinguish the individual polypeptide
chains of the NF-H tails. Bar 5 100 nm.
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50–52 nm, it can be predicted that the axial repeat distance of
the dimers is 46–50 nm because of the short head-to-tail
overlap of the dimers (25). Analysis of STEM images yielded
a mass per length of 21.0 6 0.5 kDaynm (mean 6 SEM) for
the NF cores (Fig. 2A) and 33.5 6 0.3 kDaynm for the cores
and sidearms (Fig. 2B). Quantitative amino acid analysis of
SDS gel-separated NF subunits (Fig. 1B), revealed an NF-Ly
NF-H subunit ratio of 1.1 to 1 (610%), suggesting that the
basic building blocks of these NFs, like the keratins (26), are
lightyheavy (LH) heterodimers. Formation of LH het-
erodimers may be favored by the different C-terminal se-
quences of NF-L and NF-H, which are derived from alterna-
tively spliced mRNA. (Although the case for heterodimers is
strong, it is still possible that squid NFs are a mixture of
homodimers and heterodimers. Nevertheless, this occurrence
will not change the conclusions regarding subunit organization
and phosphorylation.) STEM mass distribution measurements
provided a second independent estimate of the subunit ratio.
If it is assumed that the NF-H carboxyl tails are excluded from
the region of the NF cores, then the relative mass of cores and
sidearms also indicates an NF-LyNF-H ratio of 1.0 to 1
(620%) in agreement with the biochemical measurements. An
axial repeat distance of 48 6 2 nm and a mass of 201 kDa for
one LH dimer (including 9.5 kDa from 100 phosphates, see
below) yields 8.0 6 0.4 dimers per filament cross section. These
observations therefore reveal that squid axonal NFs are rela-
tively homogeneous and contain eight coiled-coil dimers per
cross section. An eight-dimer structure would explain the
unusually small diameter of these filaments; indeed, 7–8 nm is
the expected width for a rod composed of eight coiled-coils,
each 2 nm in diameter.

Subunit Phosphorylation. In STEMyEELS, a parallel-
detection electron spectrometer records element-specific ex-
citations of inner-shell electrons generated in the specimen
volume irradiated by a scanned nanometer-diameter electron
probe provided by a cold field-emission source. This technique
offers a direct approach to measuring the number of phos-
phorus atoms per length of filament in squid NFs. This value,
combined with the already determined number of LH dimers
per filament length, specifies the average phosphorylation
level of each NF dimer, which in turn allows an estimate of the
phosphorylation level of native NFs. EELS spectra were
recorded from segments of freeze-dried NFs and TMVs (Fig.
3A). The measured phosphorus signal recorded in 100 s from
20-nm segments of different TMVs varied by only 69% (6SD)
and was consistent with that predicted from the ionization
cross section and probe current. Thus, the known phosphorus
content of TMV particles (21 atoms per nm) served as a
validated internal standard for quantifying the phosphorus
distribution along the NFs (21). By fitting a reference spectrum
to the P L2,3 core edge, a value of 4.8 6 0.5 P atoms per nm
(mean 6 SEM.) was obtained within a 10-nm width along the
NF core (Fig. 3B) and 19.6 6 0.6 phosphorus atoms per nm
within a 100-nm width of the whole filament (Fig. 3C). This
indicates that at least three-quarters of the phosphates are
situated on the sidearms; this fraction is likely to be even higher
because some sidearms are undoubtedly overlaying the cores.
From our determination of eight NF-H chains per cross
section—and the known value of 48 6 2 nm for the axial repeat
length—we deduce that each dimer contains 117 6 10 phos-
phorus atoms, most of which are situated on the sidearms away
from the central core.

DISCUSSION

The determination of eight coiled-coil dimers per cross section
for squid NFs is consistent with a model for intermediate
filament assembly based on sequential lateral dimerizations,
starting with NF-HyNF-L dimers and progressing through
protofilaments (2 dimers), protofibrils (4 dimers), ‘‘half-

filaments’’ (8 dimers), and ‘‘full filaments’’ (16 dimers) (25).
The present results indicate that native squid NFs are in fact
organized as an essentially homogeneous population of “half-
filaments.” Intermediate filaments composed of '8 dimers per
filament cross section have previously been reported for
certain human epidermal keratins reconstituted in vitro. Such
filaments form a polymorphic population whose mass per
length also yielded minor components with 10–13 dimers per
cross section (20, 27). In general, intermediate filaments and
particularly NFs reconstituted in vitro exhibit a polymorphic
character, but typically contain between 14 and 23 dimers per
cross section (3, 28). Our results suggest that native interme-
diate filaments may be more homogeneous than reconstituted

FIG. 2. Distribution of squid NF mass-per-length measurements
obtained by integrating the background-corrected dark-field pixel
intensities. (A) Cores were analyzed by using 276 segments with a
width of 10 nm and a length of 50 nm. (B) Whole filaments including
sidearms were analyzed using 211 segments with a width of 100 nm and
a length of 100 nm. Fits of normal distributions are shown as solid
curves. The measured core massylength, 21.0 6 4.8 kDaynm (mean 6
SD), directly reflects the number of rod domains per filament cross
section, whereas the mass of the whole filament, 33.5 6 5.5 kDaynm,
reflects the number of rod domains plus NF-H carboxyl-terminal tails,
thereby revealing the number of heavy chains.
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intermediate filaments. They also imply that native filaments
and reconstituted filaments may be composed of different
numbers of dimers, although the 8-dimer arrangement may be
a characteristic of the 8-nm lamin-like squid NF.

There is no doubt that squid axonal NFs, like NFs of
vertebrate axons, are highly phosphorylated (5), although only
the five phosphate groups on the N terminus of NF-L have
been directly determined (29). However, the squid NF-H
subunit alone contains over 300 potential phosphate acceptor
sites (Ser, Thr, and Tyr), of which approximately 100 are
consensus sites for known axonal kinases; virtually all of the
latter sites reside in the C-terminal tail, including a cluster of
64 KSP, RSP, and SEK motifs (5, 18). Our measured phos-
phorylation level of 117 6 10 phosphorus atoms per dimer
compares quite well with the maximum level predictable from
consensus motifs, as well as with the highest values yet reported
from biochemical measurements (30). Thus, we speculate that
the heavy chains of all dimers in axonal squid NFs are
near-maximally phosphorylated. At the least, squid NF-H is
among the most heavily phosphorylated proteins yet reported.
Motifs actually phosphorylated are likely to include most of the
32 SEK sites (5), for which in situ phosphorylation has not yet
been demonstrated. Taken together with the mass distribution,
these results lead to the structural model in Fig. 4.

In a more general context, the present results demonstrate
that STEMyEELS is capable of measuring the phosphoryla-
tion state of individual protein assemblies, while mass-
mapping the molecular weight distributions in the same mol-
ecules. The complementary technique of energy-filtered trans-
mission electron microscopy (EFTEM) has been more widely
applied to mapping elements in biological specimens, and has
proven especially useful for mapping higher concentrations of
phosphorus in nucleic acids polymers (31–33). However,
EFTEM cannot at present be used to quantitate low levels of
phosphorus bound to proteins because the full electron ener-
gy-loss spectrum at each pixel is not available. To illustrate this
point, the NFs plus support film in our preparations contain a
total of ;5 3 103 carbon atoms per nm length of the filament
core. Thus, measurement of NF phosphorus at the required
sensitivity of ;0.5 phosphorus atom per nm necessitates
detection of ;1 phosphorus atom per 104 matrix atoms. Such
low levels of phosphorus—corresponding to an L2,3-edge
signal that is only ;0.1% of the background (21, 34)—can only
be quantitated by STEMyEELS. Nanoanalysis at this trace
level does require very high electron doses (.109 electrons per
nm2), which entails considerable specimen damage. However,
we have previously shown that phosphorus is retained in
biological specimens at cryogenic temperatures even though
beam damage degrades the spatial information to ;10 nm, i.e.,
approximately the NF diameter (21).

Our STEMyEELS analysis attained a sensitivity of ;10
phosphorus atoms in a single measurement from a 10-nm
segment of NF, and a further improvement in sensitivity (at
least 2-fold) can be expected in the future with the use of more

FIG. 3. (A) Sum of four EELS spectra each recorded in second-
difference mode in 100 s with a 1-nA probe current from 10-nm 3
10-nm regions of NF cores, TMV, and support film; P L2,3 ionization
edge at 132 eV indicated by arrow. The solid curve represents the
calculated fit to the NF core spectrum. No phosphorus was detectable
in spectra recorded from the adjacent carbon support film. (B)
Distribution of phosphorus atoms per nm of NF obtained from 25
EELS measurements on cores of different filaments; fit of normal
distribution (solid curve) gives a value of 4.8 6 2.2 phosphorus
atomsynm (mean 6 SD). Corresponding number of phosphorus atoms
for the TMV standard is indicated (arrow). (C) Distribution of
phosphorus atoms per nm of NF obtained from 84 EELS measure-
ments on cores plus sidearms; analyzed regions were 100 nm 3 100 nm
for NFs and 20 nm 3 20 nm for TMVs. Fit of normal distribution (solid
curve) gives 19.6 6 8.9 phosphorus atoms per nm.
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efficient charge-couple device detectors (35). It is anticipated
that STEMyEELS will find further applications for character-
izing phosphorylation and quaternary structure of other large
protein assemblies, including cytoskeletal filaments and enzy-
matic complexes.
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FIG. 4. Schematic model of the organization of squid NFs illustrates parallel coiled-coil polypeptide dimers assembled head-to-tail along the
filament with adjacent dimers arranged antiparallel to form an NF with eight dimers per cross section. Each C-terminal chain of the heavy subunit
contains approximately 100 phosphates and a few sites are also present on the N-terminal end of both subunits. For simplicity, only two antiparallel
heterodimers are shown, staggered by half of the axial repeat distance (doubled-headed arrow), and the NFs are drawn as hollow cylinders. It is
equally possible that the dimers are arranged in a nonhollow structure as two protofibrils, each with four dimers per cross section (36). Light chains,
white; heavy chains, dark; phosphorylated residues represented by dots. Model is to scale, but for clarity only a third of the actual phosphorylated
residues are represented.

7824 Applied Physical Sciences: Leapman et al. Proc. Natl. Acad. Sci. USA 94 (1997)


