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ABSTRACT

In order to take full advantage of recent developments in the electron microscopic exami-
nation of cellular ultrastructure and composition, it is necessary to develop specific electron
stains capable of identifying and localizing a wide variety of macromolecular components
of cells. To this end, antibody conjugates have been prepared by chemically coupling the
highly electron-scattering ferritin molecule to antibody. Antigen-antibody precipitations
with these ferritin-antibody conjugates have demonstrated that under the appropriate
conditions they retain the specific binding properties of the antibody from which they are
prepared. An electron microscopic study has been made of aggregates of tobacco mosaic
virus and its ferritin-conjugated antibody. The aggregates were prepared in solution and
then sprayed onto specimen screens. The electron micrographs reveal that the conjugate
specifically attached to, and delineated, the virus rods. The chemistry, structure, and re-
solving power of the ferritin-antibody conjugates, the specificity of their reactions with
homologous antigen, and the nature of the problems to be faced in application of these
conjugates to the study of the internal antigens of cells are discussed.

INTRODUCTION

In recent years, the development of techniques as- which scatter electrons in some characteristic
sociated with electron microscopy has made it manner. The most generally used and most highly
possible to visualize in fine detail the macromolecu-  specific of the light microscope stains is the re-
lar contents of ultrathin sections of intact cells and  cently introduced fluorescent antibody (Ab) con-
cell organelles. More particularly, what is visual- jugate (1). Such a conjugate is prepared by

ized is a map of the distribution of electron-
scattering power of the fixed ultrathin section, and
methods are now required for identifying and
localizing individual macromolecular components
on this map. An analogous situation exists in
ordinary light microscopy, for which specific
chemical stains have been developed which ab-
sorb or emit characteristic optical radiation. In
electron microscopy, specific stains are required

chemically coupling a fluorescent substance to an
Ab which has been produced in response to, and
is capable of specifically binding to, a particular
antigen (Ag), generally some pure protein. When
the fluorescent Ab conjugate is applied to a suit-
ably fixed collection of cells, the specific Ag may
be detected and localized at relatively low resolu-
tion by observation of the fluorescence.

In order to develop a similar specific staining
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technique to function at the resolution available
with the electron microscope, Ab conjugates must
be prepared which, by virtue of their high elec-
tron-scattering power, can be distinguished within
the macromolecular matrix of the ultrathin sec-
tion. Ordinary unmodified Ab, having about the
same electron-scattering power as the matrix,
would not be so distinguished except under special
circumstances. To prepare a suitable Ab conju-
gate, groups of large atomic number must be
chemically coupled to the Ab molecule. We ac-
complished this by coupling ferritin, a highly
electron-scattering protein molecule, to Ab; a pre-
liminary note describing the method has been
published (2).

Of possible methods for preparing suitable Ab
conjugates, an obvious one is to use a small-
molecule conjugate containing one or more heavy
atorns, such as a compound containing iodine or
mercury atoms, and to couple a large number of
these over the surface of the Ab molecule. The
preparation of such a conjugate has recently been
reported (3). However, it is difficult to conceive
that for general purposes sufficient electron-scat-
tering power could be conferred upon an Ab
molecule by this method without inactivating the
Ab (4). It seemed to us more feasible to prepare a
satisfactory Ab conjugate by coupling only one or
two relatively large and highly electron-scattering
molecules to an Ab molecule. Whereas the first
method mentioned would confer a diffuse in-
crease of electron-scattering power on the Ab
molecule, the second method would attach one
or two electron-scattering ‘‘tails” to it. In our
search for a suitable “tail” to conjugate to Ab, it
occurred to us that ferritin might serve the pur-
pose. Ferritin is an easily prepared crystalline
protein which can be obtained in large quantities
from horse spleen (5). It has the unusual property
of containing about 20 per cent iron, in the form
of micelles of ferric hydroxide-phosphate situated
within a protein shell (5, 6). Because of the extra-
ordinary electron-scattering power conferred by
the large iron content (about 120,000 atomic
weight units of Fe per molecule), individual
ferritin molecules may readily be seen in the
electron microscope (6). The protein shell when
freed of the ferric hydroxide is called apoferritin;
it has a molecular weight of about 460,000, and
both ferritin and apoferritin are nearly spherical
molecules with a diameter of about 110 A. The
ferric hydroxide micelles contained within the

protein are arranged at the apices of a roughly
tetrahedral lattice measuring about 55 A across
6, 7).

Since our preliminary note (2) describing the
preparation of a ferritin-Ab conjugate was pub-
lished, two communications have appeared (8, 9)
reporting the use of our method in electron micro-
scopic studies. In the meantime, we have explored
the chemistry of the conjugation process inten-
sively, and have developed an improved method.
The details of these studies will be published else-
where. In this paper, three experimental subjects
are treated: A summary of the chemistry of the
conjugation reactions is given insofar as it is essen-
tial to an understanding of the properties of the
ferritin-Ab conjugates; the macroscopic Ag-Ab
precipitation behavior of the conjugates is de-
scribed; and an electron microscopic study of the
reaction in solution of tobacco mosaic virus (TMV)
with its specific ferritin-Ab conjugate is presented
as a model system for exploring the feasibility of
using ferritin-Ab conjugates to detect and localize
specific antigen in cellular sections. Our more
recent studies have been briefly reported (10).

MATERIALS AND METHODS

Once-recrystallized ferritin was prepared by a stand-
ard method (5) from freshly obtained horse spleens.
The m-xylylene diisocyanate (XC) was the gift of the
Carwin Company, North Haven, Connecticut, and
the toluene 2,4-diisocyanate (TC) was kindly do-
nated by Dr. V. E. Shashoua, of the DuPont Com-
pany, Wilmington, Delaware.! Tobacco mosaic virus
(TMV, common strain), bushy stunt virus (BSV),
and bacteriophage T'6 were obtained from colleagues
at the Virus Laboratory.

The sample of pure rabbit anti-TMV antibody
used to prepare the XC conjugates was generously
given to us by Dr. Irving Rappaport of the University
of California at Los Angeles; the pure Ab used to pre-
pare the TC conjugates was prepared from rabbit
antiserum also provided by Dr. Rappaport, employ-
ing a procedure recommended by him. Antisera to
bovine serum albumin (BSA) and bovine pancreatic
ribonuclease (RNase), were preparations similar to
those used in other studies (11). Normal rabbit serum
was obtained from Microbiological Associates, Inc.,
Albany 6, California. For purposes of conjugation,
the gamma globulin fraction was first isolated from

! Toluene 2,4-diisocyanate in 99 per cent purity
may be obtained from National Aniline Division,
Allied Chemical Corporation, 40 Rector Street, New
York 6, N. Y.
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serum by precipitation with 40 per cent saturated
(NH4)2SOy4, and after one wash with this medium
was stored as a precipitate at 4°C. until needed,
whereupon a portion was dialyzed against the
desired buffer.

The conjugation of ferritin to Ab by XC was car-
ried out essentially by the procedure described earlier
(2). To 5 ml. of a 1.5 per cent solution of ferritin in
sodium borate-boric acid buffer, pH 9.5, ['/2 0.1 at
0°C., was added 0.10 ml. of XC. The XC is mostly
insoluble in the aqueous phase. After vigorous mag-
netic stirring in an ice bath at 0°C. for 34 hour, the
mixture was centrifuged in a Servall instrument in a
cold room for about 14 hour at a speed sufficient to
pellet the unreacted diisocyanate without sedimenting
any appreciable amount of ferritin. The supernatant
solution was carefully removed by syringe to avoid
contamination by diisocyanate scum at the meniscus,
and was allowed to stand at 0°C. for an additional
hour to allow any dissolved XC to react. This solu-
tion was then added to an equal volume of a 1.5 per
cent solution of y-globulin (containing specific Ab)
in the above-mentioned borate buffer. (The 1.0 m
NaCl added to this buffer as reported in our earlier
note was found to be unnecessary.) A precipitate usu-
ally formed soon after mixing. After standing at 4°C.
for 2 days, the mixture was dialyzed against 0.1 M
(NH4)2COj3, pH 8.8, to destroy any unreacted NCO
groups on the conjugate. The precipitate was re-
moved by centrifugation to leave a clear stable
solution.

The preparation of the TC conjugates differed in
some important details. To 5.0 ml. of a 1.5 per cent
ferritin solution in phosphate buffer, pH 7.5, I'/2 0.1
at 0°C., was added 0.10 ml. of TC. The latter is
solid when stored under refrigeration, and was
melted to remove a small portion. After vigorous
stirring in an ice bath at 0°C. for 25 minutes, the
mixture was centrifuged as above to sediment the un-
reacted diisocyanate, and the supernatant was care-
fully removed and allowed to stand an additional
hour at 0°C. The solution was then added to an equal
volume of a 1.5 per cent solution of y-globulin in
borate buffer, pH 9.5, I'/2 0.1 at 37°C. The pH of
the resultant mixture was close to 9.3. After 1 hour
at 37°C., the mixture was dialyzed against 0.1 M
(NH4)2CO3. No precipitate formed at this stage in
the conjugation reaction, in contrast to the result
with XC as coupling agent.

In studies of the precipitation behavior of ferritin-
Ab conjugates (Tables I, II, and III), mixtures of
the conjugates with Ag were prepared by dilution
into phosphate or barbital buffers, and were incu-
bated for 14 hour at 37°C. and then for 24 hours at
4°C. The precipitates, after washing with the appro-
priate buffer, were then analyzed. The precipitates
of Table I were prepared in duplicate. One precipi-

tate was digested for Nessler N determinations. The
other of the pair was first treated with 1.5 n HCI for
1 hour at 37°C. to extract all the Fe, then was
brought to 7 per cent in trichloracetic acid (TCA) to
precipitate any dissolved protein, and a portion of
the supernatant was analyzed for Fe with o-phenan-
throline. Both kinds of analyses were performed on a
single precipitate in the experiments of Tables IT and
III. The washed precipitate was treated with 1.5 N
HCIl and then in 7 per cent TCA as above. After
centrifugation, a portion of the supernatant was
analyzed for Fe with o-phenanthroline; the centri-
fuged precipitate was completely dissolved in 0.1 N
NaOH, and the 0.p. at 280 mu was taken as a meas-
ure of the N content of the precipitate, after calibra-
tion with solutions of y-globulin.

Solutions to be examined in the electron micro-
scope contained only volatile buffer salts. One volume
of a solution was mixed with an equal volume of an
aqueous suspension of polystyrene latex (PSL) parti-
cles containing 3 X 10 particles per milliliter. Im-
mediately after the addition of the PSL, the mixtures
were sprayed from a Vaponefrin nebulizer onto
carbon-coated parlodion films. After air drying, and
without washing or shadowing, the specimens were
examined in an RCA Model EMU-2 electron micro-
scope without an objective aperture.

A Perkin-Elmer Model 38A Tiselius apparatus
was used for the electrophoresis experiments, and a
Beckmann Model DU spectrophotometer for optical
absorption measurements.

To free the solution of fer-TC-anti TMV of un-
modified anti-TMV Ab;, 2.0 ml. was diluted with
3.0 ml. of phosphate buffer, pH 7.5, I'/2 0.1, and the
mixture was centrifuged in a Spinco Swinging Bucket
rotor %39 at 35,000 r.p.m. for 2 hours. The super-
natant was drawn off the pellet and discarded. The
pellet was completely dissolved in 2.0 ml. 0.01
(NH4)2CO3; and dialyzed against the same solvent
overnight to give the preparation fer-TC-anti TMV a.

CONJUGATION OF FERRITIN AND
ANTIBODY

The chemical coupling of two protein molecules
to each other to give a binary species has not re-
ceived much careful investigation in the past. We
considered that the most direct method was to em-
ploy some bifunctional small molecule whose
functional groups were known to react with groups
on protein molecules. The suitability of a reagent,
and the appropriate conditions for its use, were
first investigated by model experiments on the
coupling of bovine serum albumin (BSA) and
bovine gamma globulin (BGG), which we found
to parallel the behavior of the ferritin-Ab system
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quite closely. In order to detect the occurrence of
coupling, electrophoresis experiments were per-
formed on the dialyzed reaction mixtures, any
coupled mixed species appearing as new peaks
with mobilities between those due to the uncou-
pled BSA and BGG.

In our initial experiments (2), m-xylylene di-
isocyanate (XC) was used as the coupling reagent.
The coupling reaction was carried out in two
stages in order to minimize the inactivation of the
Ab. First BSA (or ferritin) was treated with XC
in borate buffer, pH 9.5, T'/2 0.1, under condi-
tions which reacted about half the free amino
groups of the protein, as determined by Van
Slyke analyses. We presumed at the time that
these reacted amino groups had been in large
part converted to

——CH;NCO

/
—NHCONHCH2—<_>

groups, with the second isocyanate group avail-
able for further reaction. At this stage, after the
excess XC was removed, the BGG (or Ab) was
added in the same borate buffer. By the electro-
phoretic criterion, we did indeed find that BSA
and BGG, and ferritin and Ab, could be coupled
together in this manner. The ferritin-Ab conju-
gates precipitated with their homologous Ag, and
exhibited at least partial specificity of precipita-
tion in two unrelated Ag-Ab systems (2).

Before proceeding further with the use of these
conjugates, however, we wished to determine
whether the protein-protein coupling induced by
XC was entirely by stable covalent linkage, or
whether some kind of non-covalent and possibly
reversible interaction was involved. The electro-
phoretic criterion for coupling clearly could not
distinguish between these two mechanisms. To
this end, the BSA which had been reacted with
XC, but to which the BGG had not yet been
added, was treated with a heavy excess of a
primary amine, ethylene diamine, in a borate
buffer at pH 9.5. We reasoned that the amine
would react with any NCO groups on the surface
of the BSA molecules to give the unreactive

(|3H2 NHCONHCH;CH,NH,

—NHCONHCH2—<:>

product, which would then no longer be capable
of combining with subsequently added BGG. If
coupled species appeared in such mixtures that
had been subjected to an intermediate treatment
with ethylene diamine, their formation could be
ascribed to a non-covalent type of linkage.

Parallel experiments on the conjugation of
BSA and BGG by XC were therefore performed
with and without intermediate treatment with
ethylene diamine, and the final products of these
reactions were examined electrophoretically both
at pH 9.5 and at pH 7.5. From these experiments,
which are reproduced in Fig. 1, several conclusions
may be drawn. A considerable amount of non-
covalent association did indeed occur in this
system (Fig. 1 4, d) which was reduced at pH 9.5
as compared with pH 7.5, but was still evident at
the higher pH. On the other hand, a substantial
degree of covalent linkage was produced as well,
as is clear from a comparison at pH 9.5 of the
ethylene diamine—treated and untreated mixtures
(Fig. 1 a, b). Similar results were obtained with
ferritin-Ab conjugates prepared with XC; that is,
the conjugates were in part covalently linked, in
part non-covalently linked.

In view of these results, studies were next under-
taken to produce an entirely covalently linked
conjugate. Experiments on the chemistry of the
XC reaction convinced us that the difficulty with
XC was that its two functional groups have the
same intrinsic reactivity, and that a very large
number of XC molecules were therefore required
to react with each BSA molecule in order to
leave a sufficient number of NCO groups on its
surface unhydrolyzed and available for reaction
with BGG. The presence of so many aromatic XC
residues on the surface of the BSA molecules ap-
parently rendered the BSA capable of forming
non-covalently bound aggregates with BGG. It
may be inferred that the reason that this aggrega-
tion increased with a decrease in pH was the
corresponding decrease in electrostatic repulsion
of the BSA and BGG molecules.

A substantial improvement was achieved by
utilizing a bifunctional reagent whose two func-
tional groups are of different reactivity, toluene
2,4-diisocyanate (TC). In this compound, the
NCO group ortho to the CHj is hindered and
less reactive than the para one. Conditions were
found in which the para group preferentially
combined with BSA (or ferritin) in the first stage
of the reaction, while the ortho NCO remained
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pH 9.5

B -

Freure 1

i_,.

Electrophoresis patterns of the product of the conjugation by m-xylylene diisocyanate (XC) of bovine
serum albumin (BSA) and bovine y-globulin (BGG): a without, and b with, intermediate treatment
with ethylene diamine, both examined in borate buffer, pH 9.5, I'/2 0.1; ¢ without, and d with,
intermediate treatment with ethylene diamine, examined in phosphate buffer, pH 7.5, T'/2 0.1, The
direction of migration is indicated by the arrows. The fastest peak, labeled BSA, is due to uncom-
bined, XC-modified BSA; the slowest, labeled BGG, to uncombined BGG; and the intermediate

peaks are due to conjugates of the two.

in substantial part unreacted until BGG (or Ab)
was added under a second set of conditions. The
detailed reaction procedure is given above in the
section on Materials and Methods. When parallel
BSA-BGG conjugation experiments were per-
formed using TC as the coupling agent, with and
without ethylene diamine treatment after the
first stage of the conjugation reaction, the results
(shown in Fig. 2) were quite different from those
obtained with XC as the coupling agent. There
was no indication of any conjugation in the
ethylene diamine—treated cases at pH 9.5 or pH
8.6, and only a trace at pH 7.5. On the other
hand, considerable conjugation was produced in
the case without intermediate ethylene diamine
treatment, in amount independent of the pH at
which the electrophoresis was performed. The con-
clusion is straightforward that the conjugation in
this case is entirely by covalent linkage through

reaction of BGG with the required NCO functions
on the BSA molecules. With ferritin-Ab conju-
gates prepared using TC under the same condi-
tions, similar evidence was obtained (Fig. 3) that
exclusively covalent linkage had been produced
between the two proteins.

From the areas under the peaks of the electro-
phoresis patterns, it is apparent that about one-
third of the BSA (or ferritin) and a similar fraction
of the BGG (or Ab) in the TC conjugation prod-
ucts have been conjugated to each other, the rest
remaining uncombined. In addition, ultracentri-
fuge studies demonstrated that with BSA-BGG
conjugates prepared with TC, the predominant
type consisted of one molecule of BSA attached to
one of BGG, and that about one-third as many
conjugates contained two BSA molecules attached
to one BGG. There was only a negligible amount
of still larger conjugates. It appeared that this

Sineer anp ScHick Spectfic Stains for Electron Microscopy 523

202 Iudy GZ uo 3senb Aq 4pd-61.5/91.88€91/615/€/6/4Pd-8lone/qol/B10 sseidny//:dpy wouy pepeojumoq



pH 9.5

pH 8.6

pH 7.5

Ficure 2

Electrophoresis patterns of the product of the conjugation by toluene 2,4-diisocyanate (T'C) of bovine
serum albumin and bovine y-globulin: g, ¢, and ¢ were not subjected to intermediate treatment with
ethylene diamine, and were examined in borate buffer, pH 9.5, T'/2 0.1, barbital buffer, pH 8.6, T'/2
0.1, and phosphate buffer, pH 7.5, T'/2 0.1, respectively; b, d, and f correspond to a, ¢, and e, respec-
tively, except that they were treated with ethylene diamine. The peaks correspond to those in Fig. 1.

distribution was also at least qualitatively charac-
teristic of ferritin-Ab conjugates prepared with
TC, but the ultracentrifugal heterogeneity of
ferritin did not permit unambiguous verification
of this point.

To summarize this brief description of the
chemistry of the preparation of ferritin-Ab con-
jugates: first, the use of m-xylylene diisocyanate
as a coupling agent by the method previously re-
ported (2) results in conjugates that are partly
covalently and partly non-covalently linked;
second, the extent of non-covalent linkage de-
creases with an increase in pH; third, toluene
2 ,4-diisocyanate as a coupling agent produces
entirely covalently linked conjugates, under simi-
lar conditions. These considerations are of inter-

est in connection with the behavior of these con-
jugates in their reactions with antigens, which is
the major subject of this paper. A more detailed ac-
count of the chemistry will be published in the near
future (Schick and Singer, data to be published).

PRECIPITATION OF FERRITIN-ANTI~
BODY CONJUGATES WITH ANTIGEN

In our earlier study (2), in order to investigate
whether the properties of ferritin-Ab conjugates
prepared with XC were satisfactory, the following
experiments were performed. The y-globulin frac-
tions of antisera against bovine serum albumin
(BSA) and bovine pancreatic ribonuclease
(RNase) were conjugated with ferritin, giving
preparations designated fer-XC-anti BSA and
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Ficure 3

o

Electrophoresis patterns of the product of the conjugation by toluene 2,4-diisocyanate (TC) of
ferritin and a rabbit 7y-globulin containing antiribonuclease antibody, examined in borate buffer, pH
9.5, T/2 0.1: a without, and b with, intermediate treatment with ethylene diamine. The direction of
migration is indicated by the arrows. The fastest peak is due to uncombined T'C-modified ferritin,
the slowest to uncombined v-globulin, and the intermediate peak in « to the conjugate of the two.

fer-XC-anti RNase, respectively. (In these and
all other experiments reported in this paper un-
less otherwise stated, the complete product of the
conjugation reaction, containing the ferritin-Ab
conjugate together with modified but uncoupled
ferritin, unmodified Ab, unmodified non-antibody
v-globulin, and the ferritin conjugate of non-
antibody v-globulin, was used without further
purification.) Fer-XC-anti BSA gave no precipi-
tate with RNase, nor did fer-XC-anti RNase with
BSA. Two mixtures were then prepared, one con-
taining fer-XC-anti BSA plus unconjugated anti-
RNase Ab; the other, equivalent amounts of
fer-XC-anti RNase plus unconjugated anti-BSA
Ab. Portions of each of these two mixtures were
then treated with serial dilutions of either BSA
or RNase, and the precipitates formed were
analyzed for N and Fe. The precipitations were
all carried out in phosphate buffer, pH 7.5, T'/2
0.1. The results are presented again, in Table I,
to facilitate comparison with those obtained in the
following experiments.

In due course, the procedure for conjugating
ferritin to antibody with TC was developed, and
a set of experiments analogous to that in Table I
was performed, also in phosphate buffer, pH 7.5,
I'/2 0.1, with the results shown in Table II. In
addition, another similar set of experiments was
carried out in barbital buffer, pH 8.6, I'/2 0.1
(Table III), employing the same ferritin-TC-Ab
conjugates used in the experiments of Table II,
to determine whether increasing the pH would
decrease the amount of non-specific precipitation.

A qualitative examination of the precipitation
data, particularly of Tables I and III, indicates
that under the appropriate conditions a con-
siderable degree of specificity was exhibited by
the ferritin-Ab conjugates in their reactions with
Ag. In the first place, the conjugates, prepared
by either XC or TC coupling, copiously precipi-
tated with homologous, but not at all with heterol-
ogous, Ag. Secondly, in sections B of Tables I
and IIT it is clearly demonstrated that the pres-
ence of fer-XC-anti BSA or fer-TC-anti BSA had
little effect on the precipitation of RNase by anti-
RNase, and that only a small amount of ferritin
was brought down in any of those precipitates.
Therefore, the substantial amount of ferritin in all
the precipitates formed between RNase and fer-
XC-anti RNase or fer-TC-anti RNase must have
been bound to specific antibody. In BSA-anti
BSA precipitations from solutions containing fer-
XC-anti RNase or fer-TC-anti RNase (sections
E, Tables I and III, respectively), only a small
amount of ferritin was brought down non-specifi-
cally in precipitates made in Ag excess or close to
equivalence (maximum precipitation zone),
whereas in comparable precipitates formed be-
tween BSA and fer-XC-anti BSA or fer-TC-anti
BSA (sections F, Tables I and III), a substantial
amount of ferritin was incorporated, again indi-
cating that specific precipitation had occurred
under these circumstances. However, in BSA-anti
BSA precipitates formed in Ab excess in the
presence of the heterologous conjugate, the Fe/N
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TABLE 1
Precipitation of Ferritin-XC-Antibody Gonjugales in Phosphate Buffer, pH 7.5, T/2 0.1

Antigen-antibody precipitates

Antigen Antibody-containing “y-globulin N Fe Fe/N
A. RNase, 0.125 Anti-RNase, 3.0 0.044 0 0
0.063 0.106 0 0
0.031 0.083 0 0
0.016 0.046 0 0
B. RNase, 0.125 [Anti-RNase, 3.0 } 0.039  0.008 0.21
0.063 | Fer-anti BSA, 4.0 0.097 0.009  0.09
0.031 0.090 0.008  0.09
0.016 0.051  0.007 0.14
C. RNase, 0.125 Anti-BSA, 2.0 1 0.009  0.015 —
0.063 Fer-anti RNase, 6.0/ 0.043  G.048 1.1
0.031 0.149  0.119  0.80
0.016 0.08¢ 0.068 0.8l
0.008 0.049 0.046  0.94
D. BSA, 0.250 Anti-BSA, 2.0 0.058 © 0
0.125 0.113 0 0
¢.063 0.089 0 0
0.031 0.046 0 0
E. BSA, 0.250 {Anti-BSA, 2.0 ©.008  0.003 —
0.125 | Fer-anti RNase, 6.0 0.13¢  0.03¢ 0.25
0.063 — 0.125  0.064  0.51
0.031 0.095 0.064  0.67
0.016 0.061  0.057 0.93%
F. BSA, 0.250 [Anti-RNase, 3.0 | 0.009  0.005 —
0.125 | Fer-anti BSA, 4.0/ 0.067 0.049 0.73
0.063 0.133  0.098 0.7¢
0.031 0.078  0.052  0.67

ratio was larger, increasing with increasing Ab
excess, and ferritin was non-specifically coprecipi-
tated in appreciable amount. On the other hand,
precipitates of BSA and fer-anti BSA conjugates
exhibited a constant Fe/N ratio independent of
the Ab/Ag ratio in the precipitates.

The fact that some non-specific coprecipitation
of fer-anti RNase conjugates occurred in BSA-anti
BSA precipitating mixtures appears to be disturb-
ing at first sight, since it suggests that the ferritin
in precipitates formed between BSA and fer-anti
BSA conjugates might have been partly non-
specifically and partly specifically carried down.
However, quantitative considerations show that
the specificity was nearly complete. Consider the
data of Table III again. Note that in spite of a

steady increase of Fe/N ratio in precipitates of
increasing Ab/Ag ratio in section E, the Fe/N
ratio in section I' remains constant. If non-specific
precipitation had occurred, the Fe/N ratios of
section I would have shown the same trend as
those of section E. Note also the equality of Fe/N
ratios of sections C and F, involving two unre-
lated Ag-Ab systems. This result is exactly what
is to be expected of the exclusively specific pre-
cipitation of a stoichiometric conjugate of ferritin
and antibody. Similar considerations apply to the
data of Table I. We therefore conclude that the
degree of specificity exhibited by ferritin-Ab con-
jugates in their precipitation by homologous Ag
was quite high.

To explain these results, we suggest that ferritin
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TABLE II
Precipitation of Ferritin-TC-Antibody Conjugates in Phosphate Buffer, pH 7.5, T/2 0.1

Antigen-antibody precipitates

Antigen Antibody-containing ~y-Globulin N Fe Fe/N
mg. mg. mg., mg.
A. RNase, 0.125 Anti-RNase, 3.0 0.061 0 0
0.063 0.196 0 0
0.031 0.153 0 0
0.016 0.098 0 0
B. RNase, 0.125 fAnti-RNase, 3.0 } 0.067 0.048 0.72
0.063 | Fer-anti BSA, 6.0 0.269  0.080  0.30
0.031 0.233 0.078 0.34
0.016 0.133 0.066 0.50
C. RNase, 0.125 [Anti-BSA, 3.0 1 0.347 0.210 0.61
0.063 IFer-anti RNase, 6.0J 0.375 0.285 0.76
0.031 0.360 0.228 0.63
0.016 0.257 0.168 0.65
0.008 0.179 0.115 0.64
D. BSA, 0.250 Anti-BSA, 3.0 0.047 0 0
0.125 0.170 0 0
0.063 0.134 0 0
0.031 0.097 0 0
0.016 0.055 0 0
E. BSA, 0.250 [Anti-BSA, 3.0 } 0.044 0.015 0.34
0.125 IFer-anti RNase, 6.0 0.295 0.114 0.39
0.063 0.273 0.130 0.48
0.031 0.207 0.127 0.61
0.016 0.105 0.101 0.97
F. BSA, 0.250 fAnti-RNase, 3.0 } 0.139 0.079 0.57
0.125 lFer-anti BSA, 6.0 0.338 0.212 0.63
0.063 0.270 0.173 0.64
0.031 0.230 0.130 0.56
0.016 0.175 0.098 0.56

coupled (either with XGC or with TC) to anti-
RNase Ab tends to attach non-covalently and
relatively weakly to unmodified Ab in a BSA-
anti BSA precipitating system. Since relatively
more anti-BSA Ab is incorporated into the pre-
cipitates in Ab excess, there is relatively more op-
portunity for ferritin to bind non-covalently to
these precipitates. Also as the pH is raised, in-
creased electrostatic repulsions tend to exclude
the fer-anti RNase conjugate from the BSA-anti
BSA precipitate (section E, Table 111, compared
with section E, Table II). However, if fer-anti
BSA conjugates are precipitated with BSA, essen-
tially all the ferritin in the precipitate is specifi-

cally incorporated by virtue of its primary attach-
ment to anti-BSA Ab, and we propose that any
significant amount of secondary coprecipitation of
ferritin, even if the precipitate contains a certain
amount of unmodified Ab, is then excluded by
steric or electrostatic repulsion by the ferritin
which is specifically incorporated.

In these precipitation experiments, no radical
difference in properties appeared as between XC
and TC conjugates. (That the Fe/N ratios in
Table I were generally larger than those of Tables
II and III was primarily due to the larger iron
content of the ferritin used in the first set of ex-
periments.) Because the anti-BSA, anti-RNase,
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TABLE III
Precipitation of Ferritin-TC-Antibody Conjugates in Barbital Buffer, pH 8.6, 1'/2 0.1*

Antigen-antibody precipitates

Antigen Antibody-containing y-globulin N Fe Fe/N
mg. mg. mg. mg.
A. RNase, 0.200 Anti-RNase, 5.3 0.065 0O 0
0.125 0.194 0 0
0.063 0.213 © 0
0.040 0.161 0 0
B. RNase, 0.200 Anti-RNase, 5.3 | 0.078  0.016  0.20
0.125 Fer-anti BSA, 7.0f 0.200 0.024 0.12
0.063 0.233  0.028  0.12
0.040 0.183  0.024  0.13
C. RNase, 0.200 [Anti-BSA, 2.7 0.025  0.002 —
0.125 | Fer-anti RNase, 7.0 0.030  0.004 —
0.063 0.173  0.078  0.45
0.040 0.174  0.072 0.4l
0.025 0.13¢  0.050  0.37
D. BSA, 0.250 Anti-BSA, 2.7 0.026 0 0
6.125 0.133 0 0
0.063 0.116 ¢ 0
0.031 0.079 0 0
0.016 0.045 0 0
E. BSA, 0.250 [Anti-BSA, 2.7 1 0.025  0.001 —
0.125 | Fer-anti RNase, 7.0/ 0.13  0.011  0.08
0.063 0.139  0.027 0.19
0.031 0.098 0.031 0.32
0.016 0.077  0.027  0.35
F. BSA, 0.250 { Anti-RNase, 5.3 0.041  0.004 —
0.125 Fer-anti BSA, 7.0 0.180  0.086 0.48
0.063 0.164 0.080 0.49
0.031 0.116  0.055 0.48
0.016 0.082  0.035 0.43

* The same materials were used to obtain the data of Tables IT and III. Precipita-
tion of the unmodified Ag-Ag systems was somewhat reduced at pH 8.6 as compared
with pH 7.5, the RNase-anti RNase system being more affected than the BSA-anti

BSA.

and ferritin preparations used to obtain the data
of Tables II and III all were different from those
of Table I, any differences in properties may re-
flect factors other than the different conjugation
procedures employed, and the two groups of re-
sults therefore do not bear too close a comparison.

Our primary objectives in performing the
macroscopic Ag-Ab precipitation experiments with
the ferritin-Ab conjugates were, first, to verify
that the ferritin was indeed firmly bound to Ab

in the conjugates; and, second, to demonstrate
that under the proper conditions the conjugates
would react with homologous Ag with a con-
siderable degree of specificity. The data meet these
objectives. It is clear, however, that if the ferritin-
Ab conjugates are to serve as satisfactory stains
for electron microscopy, the problem of the speci-
ficity of staining can ultimately only be answered
at the electron microscopic level with each par-
ticular system to be studied. We therefore turn
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now to consideration of some electron microscope
experiments carried out to investigate further the
properties of ferritin-Ab conjugates.

AN ELECTRON MICROSCOPIC STUDY
OF THE REACTION OF TOBACCO MO-
SAIC VIRUS WITH FERRITIN CONJU-
GATES OF ANTIBODY TO TOBACCO
MOSAIC VIRUS

The electron microscope experiments described
here were intended to explore the ultimate feasi-
bility of using ferritin-Ab conjugates to detect and
localize specific Ag in cellular sections by examin-
ing first a model system which was relatively free
of extraneous complications. Tobacco mosaic
virus (TMV) was chosen as the Ag because of its
distinctive rod-like morphology and ready identi-
fication in the electron microscope. TMV was
added to a solution of its ferritin-conjugated rabbit
Ab; the mixture was rapidly sprayed onto elec-
tron microscope specimen screens, and without
washing or shadowing was examined in the micro-
scope.

Our initial experiments were performed with a
fraction of y-globulin from rabbit antisera against
TMYV. The anti-TMV Ab content of the fraction
was of the order of 2 per cent of the total protein.
The ferritin conjugated to the non-antibody
v-globulin in this fraction produced such an in-
tense background on the micrograph as to pre-
clude any definitive observations on the associa-
tion of the ferritin-Ab conjugate with the TMV
rods. In order most easily to eliminate this diffi-
culty, purified anti-TMV Ab preparations were
subsequently used. The pure Ab was prepared by
dissociation at pH 2.5 of a washed specific TMV-
rabbit Ab precipitate, followed by removal of the
TMV from the Ab in the acid solution by high
speed centrifugation.

Using XC as the coupling agent, we then pre-
pared a ferritin conjugate of pure anti-TMV
(fer-XC-anti TMV) and of normal rabbit y-globu-
lin (fer-XC-NG). (These experiments were carried
out before the chemical studies of the conjugation
process described earlier had been performed, and
before the use of TC as coupling agent had been
introduced.) A mixture of fer-XC-anti TMV and
TMYV in a 0.2 M ammonium acetate-acetic acid
buffer at pH 6.6 was prepared at 0°C., and within
1 minute after mixing, long before any visible
precipitation had occurred, the solution was

sprayed. An electron micrograph of this material
is reproduced in Fig. 4. Most of the TMV rods
in this field were singly dispersed and fairly uni-
formly coated with ferritin particles. A consider-
able amount of ferritin was not associated with
the TMV rods, but the fact that most of the rods
were singly dispersed and not aggregated signifies
that the Ag-Ab reaction had not gone to comple-
tion in this particular spray droplet by the time
it had dried, and therefore that some of the ferri-
tin conjugate may not yet have had time to react
with the rods. It should also perhaps be reiterated
that the specimens were not washed before ex-
amination.

Several tests were made of the specificity of the
association of the fer-XC-anti TMV with the
TMYV rods. A mixture of fer-XC-NG and TMV
corresponding in composition to the specific
mixture just discussed was similarly treated and
sprayed, with the result shown in Fig. 5. Clearly
there was no significant association of the ferritin
conjugate of normal <y-globulin with the TMV
rods. In other experiments mixtures of TMV with
bacteriophage T6, and of TMV with bushy stunt
virus (BSV), were similarly reacted with fer-XC-
anti TMV. As is evident from Figs. 6 and 7, only
the TMV was aggregated in these mixtures and
the ferritin was specifically associated with the
TMYV rods. These tests therefore suggested that
the association of fer-XC-anti TMV with TMV
was satisfactorily specific.

On the other hand, our chemical studies had by
this time shown that the XC conjugates of ferritin
and Ab were partly covalently and partly non-
covalently linked. We were therefore concerned as
to whether the association of ferritin with the
TMV rods observed in Fig. 4, though specific,
might be partially reversible to the extent that
non-covalent ferritin-Ab linkages were present.
Furthermore, since the solutions of conjugates
contained some unconjugated Ab, we wanted
to determine whether the association of ferritin
with the TMV rods was direct or indirect; that is,
whether it occurred by virtue of the covalent at-
tachment of ferritin to anti-TMV Ab, the covalent
conjugate as a unit being bound to TMV (direct
staining), or whether by virtue of a non-covalent
attachment of ferritin to unconjugated anti-TMV
Ab, the latter having first independently become
bound to TMV (indirect staining).

Without further investigating these points with
the XC conjugates, however, we turned our at-
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tention to the chemically better defined TC
conjugates which had since become available.
Preparations were made with pure anti-TMV Ab
(fer-TC-anti TMV) and with a rabbit y-globulin
fraction containing anti-BSA Ab (fer-T'C-anti
BSA). In all the experiments to be described in-
volving mixtures of these TC conjugates with
TMYV and other substances, the mixtures were
prepared in a buffer at pH 8.6 made from 1
volume of 0.1 M ammonium carbonate and 2
volumes of 0.1 M ammonium acetate. At this pH
it had previously been found that non-specific
coprecipitation of ferritin was diminished as com-
pared with that at pH 7.5 (Tables II and III),
and that Ag-Ab reactions, though considerably
slower and somewhat less complete at pH 8.6
than at pH 7.5 (footnote, Table III), nevertheless
occurred to an appreciable and sufficient extent.

A mixture of fer-TC-anti TMV and TMV at
pH 8.6 was prepared at 0°C. After 1 hour it was
sprayed and without washing was examined in
the microscope (Fig. 8). A corresponding mixture
of fer-TC-anti BSA and TMV was similarly
treated (Fig. 9). The results were very similar to
those obtained with the XC conjugates: specific
association of the ferritin-Ab conjugate with the
TMYV rods was observed. In other experiments
not reproduced here, no association was seen be-
tween fer-TC-anti TMV and either bacteriophage
T6 or BSV particles.

In order to determine whether the observed
specific binding of ferritin to the TMV rods was
direct or indirect (see above), two additional
types of experiments were performed. In the first,
a mixture of fer-T'C-anti BSA and of unmodified
anti-TMV Ab was prepared, and was then added

to TMV,; subsequently, this preparation was
treated in the same way as the samples just de-
scribed. The quantity of unmodified anti-TMV
Ab in this control experiment was equal to the
total amount of anti-TMV Ab, conjugated and
unmodified, in the direct experiment of Fig. 8,
while the quantities of ferritin and TMV were the
same. The opportunities for indirect staining were
therefore even greater in this control experiment
than in the direct experiment, since an even larger
amount of unmodified anti-TMV Ab was present.
On the contrary, however, the localization of
ferritin on the TMV rods in this control (Fig. 10)
was much less pronounced than in the direct ex-
periment (Fig. 8).

In a second type of experiment, the unmodified
anti-TMV Ab was first largely removed from the
solution of fer-TC-anti TMV conjugate by high
speed centrifugation. All the ferritin, both conju-
gated and unconjugated, after having been sedi-
mented into a pellet in the bottom of the centrifuge
tube and freed from the supernatant liquid (con-
taining most of the unmodified Ab), was dissolved
at the same concentration as the ferritin in the
solution before ultracentrifugation. This prepara-
tion, designated fer-TC-anti TMV 4, was shown
by ultracentrifugal analysis to contain only 15
per cent of the unmodified anti-TMV Ab present
in the original solution. Upon mixing fer-TC-anti
TMYV a with TMV under the same conditions, fol-
lowed by the same treatment, as in the preceding
experiments, we obtained electron micrographs
represented by Fig. 11. There was certainly no
decrease in the amount of ferritin associated
with the TMV rods as compared with Fig. 8,

Figures 4 to 11 are all at the same magnification, X 80,000. The small black dots are
due to the ferric hydroxide inner core (measuring 55 A across) of individual ferritin
molecules. The large black spheres visible in some of the figures are polystyrene

latex particles of 2600 A diameter.

FIGURE 4

Tobacco mosaic virus (TMV) and the ferritin-XC conjugate of pure anti-TMYV anti-
body. Individual rods of TMV (3000 A long) are coated with ferritin particles.

Freure 5

TMYV and the ferritin-XC conjugate of normal rabbit y-globulin. No significant at-
tachment of ferritin to the TMV rods is observed. Note that the rod thickness (150 A)

is normal as compared with the rods in Fig. 4.
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although 85 per cent of the unconjugated anti-
TMV Ab had been removed from the mixture.
These experiments demonstrate that the locali-
zation of ferritin on the TMYV rods was predomi-
nantly through specific attachment of fer-TC-anti
TMV conjugates in these experiments, and that
the ferritin staining of the rods was therefore direct.

DISCUSSION

The Properties of Ferritin-Antibody Conjugates: A
first important result which is revealed by the
electron micrographs is that the characteristic
structure of ferritin is not significantly altered upon
modification by XC or TC and conjugation to Ab.
This is not immediately evident in the micrographs
herein reproduced, but becomes apparent at
higher magnifications. It is conceivable that such
chemical modification might have disrupted the
apoferritin protein shell, or the ferric hydroxide
micelles, and rendered the conjugate useless; but
on the contrary, even the tetrahedral arrange-
ment of the ferric hydroxide micelles is preserved
in the ferritin-Ab conjugates.

Two types of ferritin-Ab conjugates, made with
either XC or TC as coupling agent, have been
prepared and studied. Both types are capable of
attaching to homologous Ag with a satisfactory
degree of specificity. This is particularly seen to be
true when it is realized that the tests of specificity
applied in the experiments of Tables I, II, and
III are more stringent than would arise in most
future applications of the conjugates, since nor-
mally there would be no occasion to have a fer-
ritin-Ab conjugate present together with an un-
conjugated Ab of different specificity. Of primary
significance are the facts that with three different
antigens, namely BSA, RNase, and TMV, neither
ferritin itself nor a ferritin-Ab conjugate made
with a heterologous Ab became attached to the
Ag. Other investigators (8, 9) working with XC

conjugates prepared by our method also found
them to be specific in still other systems than those
we have studied.

Our chemical investigations have subsequently
revealed that ferritin-Ab conjugates prepared with
TC are exclusively covalently linked under condi-
tions where the XC conjugates are partly coval-
ently and partly non-covalently linked. Though
we have so far observed no significant differences
between the behavior of XC and that of TC con-
jugates in their reactions with Ag, it seems clear
that the TC conjugates are less likely to show non-
specific binding and other complications in the
course of future studies. We have shown, further-
more, that under the appropriate conditions, the
TC conjugates act as direct electron stains; that
is, the ferritin becomes attached to an Ag only by
virtue of the covalent linkage between the ferritin
and Ab specific to that Ag, and not by some sec-
ondary or indirect process. This may also be true
of the XC conjugates, but we did not attempt to
prove it. For the purposes of our future studies we
intend to concentrate on the use of the chemically
better defined TC conjugates.

For many applications, it should be adequate
to prepare and use a ferritin conjugate of a whole
v-globulin fraction, containing the particular anti-
body as some relatively small fraction of the total
protein. If the conjugate of the inert y-globulin
could be washed free of the specimen, while the
Ab conjugate was left attached to the specific Ag
sites, the method would prove satisfactory. Where
this method has so far been tried (8, 9), even
though XC conjugates were employed, it has ap-
peared to be successful. On the other hand, any
increase in the relative amount of specific ferritin-
Ab conjugate in a staining mixture should cer-
tainly improve the sensitivity of the method. One
means of accomplishing this is to make a ferritin
conjugate of a pure Ab. It is generally not difficult

Fiaure 6

TMV and bacteriophage T6, mixed with the ferritin-XC conjugate of anti-TMV
antibody. The ferritin particles are associated with the TMV rods, but not with the

bacteriophage particles.

Fioure 7

TMYV and bushy stunt virus (BSV) mixed with the ferritin-XC conjugate of anti-TMV
antibody. The ferritin particles are associated with the TMV rods, but the spherical
BSV particles are essentially free of ferritin.
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to isolate the relatively small amount of pure Ab
required. With large antigens such as viruses, pure
Ab may generally be prepared by acid dissociation
of a specific Ag-Ab precipitate, followed by ultra-
centrifugal removal of the Ag. For protein Ag of
the same order of size as Ab, a convenient general
method for the isolation of pure Ab has recently
been described (11). After the conjugation of fer-
ritin to a pure Ab, the unconjugated Ab can be
removed from the mixture by ultracentrifugation,
as we have shown earlier, leaving in the staining
mixture only ferritin-Ab conjugate and unconju-
gated ferritin.

Furthermore, with many systems involving anti-
gens of moderate molecular weight it should be
possible to isolate the ferritin-Ab conjugate even
if the conjugation was initially carried out with a
whole y-globulin fraction containing only a small
fraction of Ab protein. Addition of the homologous
Ag to the ferritin conjugate mixture should pre-
cipitate the Ag and the ferritin-Ab conjugate to-
gether with the unmodified Ab; the non-antibody
v-globulin and its ferritin conjugate, as well as
the unconjugated ferritin, should remain in the
supernatant. The washed precipitate could then
be dissociated at acid pH, and by subjecting this
solution to ultracentrifugation under the appro-
priate conditions, the rapidly sedimenting ferri-
tin-Ab conjugates should be completely freed of
the relatively slowly sedimenting Ag and unmodi-
fied Ab, thereby being recovered in essentially

pure state. Although we have not yet tried this
procedure, it appears to be entirely feasible.

The resolution with which Ag sites can be lo-
cated and differentiated by electron staining with
a ferritin-Ab conjugate is illustrated by comparison
of Figs. 4 and 5. When sufficient amounts of con-
jugate are employed, the ferritin spots themselves
delineate the TMYV rods, even without the elec-
tron density contributed by the rods. Whereas the
individual TMV molecules are originally about
150 A thick, the ferritin-Ab bound to the rods is
spread over a region corresponding to an average
thickness of about 500 A (12). It is likely, there-
fore, that the ferritin conjugates can differentiate
Ag structures which are separated by about 200
to 300 A or more.

Concerning the limiting resolution of which the
method is capable, it may seem at first disadvan-
tageous to use such a large molecule as ferritin as
an electron-scattering conjugate. On the other
hand, however, it should be realized that an Ab
molecule itself is an elongated structure of about
250 A by 40 A (13), and the conjugation to it of a
ferritin sphere of 110 A diameter does not radi-
cally decrease the resolving power. Any substantial
improvement in resolution must involve the limit-
ing factor, the size of the Ab molecule. In this
connection, Porter (14) has demonstrated that
fragments of Ab about one-quarter the mass of
the original molecule may be obtained by limited
papain digestion of Ab. These fragments contain

Froure 8

TMYV and the ferritin-TC conjugate of pure anti-TMV antibody. The TMV rods are

coated with ferritin particles.

Fi1GURE 9

TMYV and the ferritin-TC conjugate of a rabbit vy-globulin containing antibody to
bovine serum albumin. No attachment of the ferritin conjugate to the TMV rods is

observed.

Figure 10

TMYV and a mixture of unconjugated anti-TMV antibody and the ferritin-TC con-
jugate of antibody to bovine serum albumin. Although a significant amount of ferritin
is associated with the TMV rods, it is considerably less than the amount in Fig. 8.

Ficure 11

TMYV and the ferritin-T'C conjugate of anti-TMV antibody from which 85 per cent of
the uncombined antibody had first been removed. Note that the association of ferritin
with the TMYV rods is at least as extensive as in Fig. 8.
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in intact form, and with full binding capacity for
Ag, one of the two active regions of the original
Ab molecule. For electron-staining purposes, one
specific active site on an Ab fragment should be
adequate. To such a fragment it would be desir-
able, however, to conjugate some electron-dense
“tail” smaller than ferritin. Such a ““tail” might
be prepared by exhaustively coupling to a small
protein molecule such as ribonuclease a large
number of groups containing heavy atoms (with-
out regard to possible “denaturation” of the
ribonuclease). Other potential electron-dense
conjugates include derivatives of inorganic hetero-
poly acids, such as phosphotungstic acid, and low
molecular weight synthetic polymers containing
heavy atoms. By the use of TC or some more ap-
propriate reagent, such small ‘“tails’” might be
conjugated to an Ab fragment. For the time being,
however, the resolution of which the ferritin-Ab
conjugates appear to be capable is more than
adequate for investigating a number of interesting
problems.

Antigens in Cellular Matrices: Though there are
some problems to which the ferritin-Ab conjugates
can be directly applied, for example the estima-
tion of the number of antigenic sites on a large
Ag molecule by determining the maximum num-
ber of ferritin-Ab conjugates capable of attaching
to it, or the localization of antigens on the external
membranes of cells, the most important problems
involve antigens present within cells or cellular
bodies. The properties of ferritin-TC-Ab conju-
gates which we have described are entirely con-
sistent with their possible use as specific electron
stains for intracellular antigens. However, serious
auxiliary problems arise in connection with the
preparation of such stained cells in a condition
suitable for electron microscopy. The membranes
of living cells are generally impermeable to Ab.?
Therefore, the ferritin-Ab conjugate would not
function as an internal stain for intact living cells.
Though for special purposes other less demanding
techniques may be adequate, it appears that in

? By appropriate stimuli (15) certain cells can be
made to undergo pinocytosis (16), an engulfment and
incorporation of surrounding fluid into their cyto-
plasm. Although this process might be used to intro-
duce a ferritin-Ab conjugate into the cells, which
might then be fixed, embedded, and sectioned by any
conventional procedure, it is not yet a general enough
phenomenon to utilize except in special circum-
stances.

general it will be necessary to fix and embed cells
and cut ultrathin sections of them before applying
the ferritin-Ab conjugate, in order to allow access
of the conjugate to internal antigens.

The problem then arises whether the particular
antigenic determinant of interest can undergo the
treatment involved in fixation and embedding for
electron microscopy, and retain its antibody-bind-
ing capacity. We have recently shown (17) that
the cell wall antigens of E. coli and . pyogenes sur-
vive the commonly employed techniques of os-
mium tetroxide fixation and methacrylate em-
bedding, and are capable of specifically binding
fluorescein-Ab conjugates after this treatment.
This is certainly an encouraging development. On
the other hand, there may well be encountered a
considerable number of more readily inactivated
antigenic determinants, and for these fixation by
freeze-drying (18) or freeze-substitution at low
temperatures (19), followed by embedding in an
ultraviolet-initiated, low-temperature-polymerized
methacrylate resin (20), might provide a suitable
procedure.

The ferritin-Ab staining technique should be
applicable to the study of a wide variety of prob-
lems of interest in cell biology. These problems
generally require a resolving power and a sensi-
tivity far beyond that of the fluorescent-Ab tech-
nique. The processes of viral development, and the
sites of origin of viral antigens (21); the localiza-
tion of the different antigenic components within
viruses, particularly the larger ones such as vac-
cinia (22); the localization of enzymes and other
proteins within cell organelles (23); the persistence
of antigens, and the early stages of antibody
synthesis (1); the distribution of specific protein
within the ultrastructure of muscle cells (24)—
these are only a few of the areas in which this
technique may make eventual contributions.

The studies reported in this paper were carried out
while the senior author was a Guggenheim Founda-
tion Fellow at the University of California, Berkeley,
on leave from the Department of Chemistry, Yale
University. The senior author wishes to express his
gratitude to Drs. W. M. Stanley and R. C. Williams
for extending to him the hospitality and facilities of
the Virus Laboratory, and for stimulating discussions
during these studies. He is also greatly indebted to
Dr. W. R. Adams, of the Yale School of Medicine,
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with whom initial unpublished electron microscope
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