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Title of Project - - Nﬁglg 5136
quesﬁ:gatlons in Spaée~Related Molecular Biology

‘Including Considerations of the Noleculaf Organization
A Luster Sounding Rocket Program

_ Periocd of Project

_ January 1, 1968 - August 31,‘1969

SUMMARY OF RESEARCH ACCOMPLISHMENTS

‘Significant developments in our research and
training program in space-molecular blology, carried
out 'at our facilities Tor high resolutlon electron
microscopy include:

1. Continued investigation of particles obtained from the
Luster Sounding Rocket Experiment and development of
techniques for non-destructive analysis of extra-
terrestrial matter. Our facilities offer a unique
enviromment for precise examination of material from
-extraterrvestrial regions, due to the following aspects:

a. clean-room conditions.

b.-~high voltage electron microscopy (with
-superconducting lenses at liguid helium
temperatures), yielding:

',Elg increased penetration power
2) reduced radiation damage and
specimen contamination
(3) improved resolution and highew
- diffraction accuracy -7 10
gh; ultra-high vacuum of 10 'to 10 mm Heg
5) low temperatures of 20 to 1. 85°K, provided
“Yy.closed cycle superfluid helium
] refrigerator.
c. . advanced preparation techniques, including’
" diamond knife with ultramicrotome for thin
_sectioning. -

2. Continued development of hlgh~fesolut10n electron-
optical information storage and retrieval, including:

a. methods for ultraminiaturization and information



Progress Report
NASA QGrant NGL 14-001-012

-8torage and retrieval at the molecular and
near-atomic level.

b. instrumentation for a portable high resolution
information retrieval system uniquely adapted
to lunar and planetary missions.

Development of cryo- and high véltage electron
microscopy with superconducting lenses and closed cycle

liguid helium refrigerator, using improved instrumentation

and _preparation techniques, resulting in attainment of
2-34 point-to-point resolutions and imminence of direct
readout of molecular structures.

" Collaborative electron microscopic studies of DNA

conformations assoclated with membranes in chloroplasts.

Collaborative investigations, yielding a preliminary
electron microscopic characterization of g highly
purified hemagglutinin from the hemolymph of Limulus
polyphemus . ) ;

Collaborative studies on RNA polymerase to determine
its participation in the differential RWA transcription

‘upon DNA templates and better understand membrane

biogynthesis via the association of nucleic aclds and
the protein synthetic machinery with cell membranes.

.  Extengion-and verification of our early concept of

organized water as an integral structural component
of bilclogical systems by other investig%ForS.

-~ ii ~
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Principal Investigator Grant Number.
Dr. Humberto Fernandez-Moran . NGL 14-~-001-012

" Institution ‘ . .+ Period  of Project
The University of Chicago " January 1, 1968 -

August 31, 1969

Title of Préjeot

Investigations in Spaée;Related Molecular Biology
Including Considerations of the Molecular Organization
in Luster Sounding Rocket Program.

Our-activities durihg this grant period were )
carried out according to the program set forth in our
renewal proposal and include: . :

<

I. - Specific Research Program.

.. I
A, Continued Participation in the ILuster Project and
Related Projects for Electron Microgcopic and
Electron Optical Analysis and Identification of
Extraterrestrial Matter: . fi
; ]

Ag described in previous reports, we are

continuing our investigations on particles obtained
from the Luster Sounding Rocket Experiment

(during the Leonid Meteor Shower of November 16, 1965
and the Orionid Meteor Shower of October 27, 1966)
with particular emphasis on improving and

refining non-destructive technigues for collecting
and ldentifying extraterrestrial matter.

The sophisticated instrumentation avallable in our
clean=room laboretories, (including diamond knife
with ultramicrotome for thin sectioning, and
high-voltage, low-temperature electron mlcroscopy,
using closed éycle liquid helium réfrigerator
system~~which ylelds increased penetrgtion power

N
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and reduced radiation damage), 1s now providing
more precise information in the comparative

.analysis of our Iuster particles and .the three

types of micrometeorite particles described
earlier by Hemenway and Soberman. (See photographsj

Becauvse our facilitles comprise a vnigue academic

and physical environment (suitable for maintaining

ultra~high vacuum, 10~{ to 107+ mm Heg, and low

temperatures, 20°to 1.85YK, characterigtic of the

lunar surface), it 1s our privilege and hope to

continue to atfract interested investigators from

local and international institutions for examining

material from extraterresgtrigl regiong, including

the moon. - .

High-~-Resolution Electron-Optical Information

Storage and Retrieval:

1. Methods for ultraminiaturization and information -
storage and retrieval at the molecular and near-

atomlc level are heing further developed.

Pursult of this technigque could result in the
potential recording of several million books on a
single page for read-out with a miniature electron
microscope and television display.

Tntegrated circuits and computer elements of
submicron sizes could also be produced by related:
electron optical techniques.

In the optimal projection of this concept, one

can foresee integrated ultramicroelectric clrcuits,
near the size of macromolecular assemblies, being
incorporated into key junctional sites of living
nerve membranes without causing serious perturbation.

These "submicroscopic prosthetic sensors," whose
envelopes would be composed of biosynthetically
produced protein coats so as to form integral
components of the nervous system, could be of
unique service. Because they could be produced in
large number and inserted throughout the central

-2 -
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narvous system, the sensors could effect g direct
operational 1link at the macromolecular level
between the central nervous system and man-made
informatlion processing systems, such as computers
of commensurate complexity.

" 2. We have vecently perfected the instrumentation

for a portable high resolution information retrieval
system uniguely adapted to lunar and planetary
missions. .

A portable pocket-sized microprojector, tentatively
designated "Pico~Pathfinder," has been developed,
constructed, and tested in our laboratories. The
unit welghs less Than 1 pound and embodies its own

electrical power supply, i1.e., a one-dollar

flashlight. (See photographs.)

The instrument should permmit accurate high~contrast
projection images of demagnified moon maps and
related information onto any suitable surface. Since
this system will work reliably in a-high-vacuum,
low-temperature environment characteristic of the
Iunar surface, it could serve as a vital aid in
orientation dnd localization of selected areas in
the exploratory phases of the Apollo mission.

Moreover, the combination of ultraminlaturized

Anformation storage and retrieval using highly

refractory thin film substrates of novel design can be
used to selectively transmit critical information from
lunar vehicles and space platforms back to Earth in an
unprecedented from (e.g., space courier wmodules),

well beyond present telemetering technidues, under
conditions of minimized contamination hazards. {See ref.
Potential Application of Electron-Optical Methods to
Storage of Information for Direct Retrieval, in Biology
and the Exploration of Mars, 1966, p. 503.)

Development of Cryo- and High Voltage Electron

Microscopy with Superconducting Lenseg and Cloged
Cycle TLiguld Helium Refrigerator, Using Improved
Instrumentation and Preparation Techniques, Resulting

in Attainment of 2-~3A Point-to-Point Resolutlons and
Imminence of Direct Readout of Molecular Structures:

1. Improved point cathode sources with single-
crystal filaments and a new Type of molybdenum gun

s
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are used to provide stable coherent microbeam
illumination of high brightness, small spot-size,
and low energy soread.

2. High resolutloﬂ phase contrast 1mag1ng is
carried out with zone plate apertures, enhanced
wish short focal length obgectlve lenses to
- regolve structures of 5-~-10A in unstalned
biological molecules. - -

3. A 200 KV high voltage electron microscope

- (Hitachi Perkin-Elmer HU-200E) was successfully
installed in our laboratories under optimum
environmental conditions.

The 1ncreased penetfatlon power, reduction in
radiation damage, and improved resolution available
with this instrumentation are particularly valuadle
for examining extraterrestrial particles not
suitable for conyentional electron microscopy.

Resolutions of 3.6 to 6.08 were obtained in
crystalline lattices and hi p01nt resolutions in
250~ 350A -thick blological specimens. High
resolution electron diffraction studies carried
-out with the 200 kV microscope yielded a remarkable
50 to 100 diffractions for blological specimens as
compared with the typical 5 to 10 diffractions
~obtalned from lower voltage mlcroscopes (See
photographsJ o
4. The development of cryo—-electron microscopes
operating with high-field superconducting solenoild
lenses at liguid helium temperatures represented
one of the most significant advances, providing
superstable lenses, ultrahligh vacuum, minimized
specimen damage, contamination, and thermal noise,
and enhanced image contrast. Earlier observations
of biological specimens under these conditions
revealed " new electron optical phenomens.

In ordef to pursue the promising superconducting .
work on a systematic and more practical basis,
we have installed and adapted to our facility a
clesed cycle liguid helium refrigerator system
specially-designed for our laboratories in
collaboration with Prof. Samuel Collins of

-4 -
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A.D. Little, Inc.. Prior to shipment, the

system was tested out successfully at 1.85°K

with 10 watts refrigeration capacity. During

the extensive tests which are being carried out

on this eguipment, we recently produced liguld
belium at 1.82K, maintaining superfluid for

one hour, with potential for three hours.

When the final testing is completed, we will be
able to operate continuously in this range of

1.85° to 2.0°K, with special 36-foot transfer lines.

The superfluid helium produced at these temperatures
is not only critical for research work with super-
conducting lenses, bul also provides ultrahigh
vacuum and ilmproved specimen preservation.

The work that we are now carrying out with this
closed cycle liguid hellum refrigerator sysTem

will provide experience which will prove to be

of great value to all other workers in this field
both in the United States and abroad. If successful,
it will break the present serious economic barrier
wnich has prevented many other laboratories from
using this uniquely important tool. They will

then be in a position, with expenditures that are not
much greater than those of a commercial electron
microscope, to produce liguid helium and work with
i1t without loss of thils precious natural resource.

! —

5. We are now equipped with a unigue opportunity

to apply simultancously the advantages of super-
conducting microgcopy and high voltage electron
microscopy to biological and exobiological investigations.
The new ingtallations have provided us with the only
existing high voltage electron microgcope with
superconducting lenses operating at closed-cycle

liguid helium temperatures.

During preliminary experiments with this facility, -
we _discovered an anomalous transparency effect .\
for 200,000 volt electrons in thick (ca. r000-20004)
lead and niobium films at liguid helium temperatures.
This remarkable effect extends previous observations
by Boersch and ocur own group at 30-75 kV. It poses
interesting theoretical and experiiiental questions,

...5...




Progress Report
NASA Grant NGL 14-001-012

particularly since it is coupled with a marked
decrease in radiation damage in both organic and
inorganic specimens. See photographs.

6. A unigue and promising project of Dr. Robert
Wathar (Jet Propulsgion Laboratory, California
Institute of Technology), as reported in his paper
"Computer Enhancement of Eléctron Micrographs,"
combines the digital computer and associated

" video camera scanner equipment with the electron
microscope to enhance electron micrographs and

Strive for atomic resolution in bio-organic compounds.

The experiments have been carried out using a high
resolution electron micrograph of negatively
stained catalase, taken in our laboratories.

see Supporting Material and photographs.

As stated in the paper, electron microscopes are
now available which, through the use of highly
stabllized lens currents and high voltage, can
maintain an image stationary to.lA or less for a
period of many seconds, even though spherical
aberration may still be present to the extent of
limiting resolutlon to 4A.

According to Dr. Nathan's technique, it_is possible
to recover from this stationary image 1A resolution
by computer transformation to the Fourier or
spatial frequency domain. After the computer
corrects for phagse error, a transformation would

be made back to the real plane to reconstruct a
higher resolution image.

Electron microscopy studies of INA conformations

- asgoclated with membranes in chloroplasts were
carrled out with Dr. Christopher Woodcock and
described in our paper, "Electron Microscopy of

DNA Conformations in Spinach Chloroplasts,"

J. Mol. Biol., 1968, 31, 627-631. The paper .
reports the successful application of new techniques
for the isolation and purification of nucleic acids
onn a micro~gcale which enabled usg to vigualize
quantities of DNA and RNA which are several orders
of magnitude too small for density gradient analysis.
We were able to detect by electron microscopy the
INA associated with each chloroplast, following

-6 -
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disruption by osmotic shock. DNA molecules
extracted from purified chloroplasts were also
analyzed. Examination of these preparations
under controlled conditions has consistently
revealed two major DNA conformations. and a
characteristic association with the chloroplast
membrane system. See photographs.

In collaboration with Dr.‘Gerald Edelman énd

John Marchalonis of the Bockefeller University, &

preliminary electron microscopic characterization has

been carried out on a highly purified hemagglutinin
from. the hemolymph of the horseshoe crab, Limulus
polyphenus.

The present studies indicate that the hemagglutinin
is a ring~shaped structure with a diameter of 1004
and a central core of 204 to 40A. The height of
the molecule was tentatively estimated to be 658 and
multiple views suggest the presence of 6-fold
symmetry and subunit organization. The physical-~
chemical data are in good agreement with the
preliminary results of The complementary studies of
the hemagglutinin by high resolution electron
microscopy.

Because of the uniformity of the hemagglutinin
preparations and the availability of increased
resolution, it is now feasible to attempt structural
analysis of the subunits of this profein. In
addition, the mode of attachment of the hemagglutinin
to Ted cell membranes should be amenable to study

by combined bilochemlcal and electron microscoplc
techniques. See photographs.

-

We have participated in collaborative studies on

ENA polymerase to determine its participation in

the differential RNA transcription upon DNA
templates and better understand membrane biosynthesis
via the association of nucleic acids and the

protein synthetic machinery with cell membranes.

Dr. Richard Gumport, under Dr. Samyel Welss, of the
Biochemistyry Department, carried out in our
laboratories electron microscoplc investigations

il
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on. the binding cf RNA polymerase to clrcular
Porms of DWA (e.g., from @X 1(&), as part of
his doctoral theSLS work.

Resultant electron micrographs of Kleinschmidt
preparations demonstrated characteristic nmolecular

.complexes derived Lrom the reaction of thisg DNA

with E. coli RNA polymerase upon addition of the
four regular nucleoside tflphosphate3° ATP, CTP,
GTY, UTP See photogfaphs

A major asvect of our biological investigations
has been the concept of organized watexr as an -
integral structural component of biological
systems, particularly membranes.

A comprehensive survey of this subject was given

in our papeér, "Membrane Ultrastructure in Nerve
Cells"” (in The Neurosciences, G.D. Quarton,

M. Melnechuk, and F. ©¢. Schmitt, editors,
Rockefeller University Press, Neéew York, 1967,

p. 281). Several mechanisms of membrane function
were hypothesized in terms of ordered water lattices.

These ideas have now been extended and experimentally
verified by investigators at the Astropower Laboratory,

McDonnell Douglas Astronautics Company. Our .

postulated structural parameters have led to the

formulation of=a xew model of the cellular plasma

membrane and to the concept of polywater, asg

will be described in the following abstracts.

=t .is reported in the Douglas paper, entitled
Characterization of Ordered Water in Hydrophilic
Membrane Pores.," that ordered water, whose -

presence in bioglogical membranes is often postulated,

" has bheen characterized in cellulogse acetate and

porous glass desalination membranes.

The authors found that above a certain critical-
diameter, each membrane pore is lined with a
hydration sheath (ca. 228 thick) of highly
hydrogen~bonded water in which salt is essentially
insoluble. 1In a pore.with an. idedl critical
diameter of about UUA, ordered water almost entirely
fills it, having an average viscosity of 0.36 polse,

-8 ~
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about 39 times greatef than that of ordinary
water at 23°C. :

A rate process of the permeation of salt-free

ordered water through an ideal desalination membrane
can be calculated in good agreement with experimental
data due to the simple assumption of approximate
equality between hydration sheath.thickness and

the average diameter of a "flickering cluster."’

The thickness (%) of the hydration sheath is about
half the critical diameter (2t) of a pore that will
reject 100% of salt from the pressurized feed water.

It was noted that a Loeb-Sourirajan cellulosge
acetate membrane, as cast, has an extremely high
-water permeation rate and little tendency to reject
salt. Heat treatment in water at 80~90-YC lowers
the water permeation rate and drastically increases
salt rejection.

Tateral shrinkage of only 11% in the membrane plane,
after 15 minutes at 87°C, increases salt rejection
from less than 10% for the "as cast" membrane to
95%. It follows that twice the average pore

radius (r_ = 21.34) previously estimated should be
nearly eqBal to the ideal critical pore diameter (2t)
for desalination.

.The authors calculated from the known volume of a
water molecule (29.9A°) and from the value

t¥p #21,3A, that the number of molecules n in the
average cluster of water in a cellulose acg%ate
membrane pore is about 162 at room temperature

T = 296°K.

" The authors found that the activation energy for
viscous flow of water supercooled to 255°K, calculated
by the empirical relationship of Miller, turns out
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to be 6015 cal/mole, in excellent agreement with
the asymptotic experimental value 5950 cal/mole
reported by Kellen et al for permeation of water
through a Loeb-Sourirajan type cellulose acetate
desalination membrane of 53.5% water content and
99.5% salt rejection capability.

In comparison of theoretical and experimental water
permeation rates through cellulose acetate
desalination membranes, the suthors found that for
1% NaCl feed at 296°K. subgected to 1500 psi operating
pressure (i.e., 1381 psi driving pressure}, a
rate ol 28 gfd was calculated in reasonable
agreement with a published value of 19.7 gfd for an
ultrathin, 24004, sellulose acetate membrane.
Thig rate corfesponds to a 0.5 hour run in which
'98% salt rejection was obfained and in which a 100A .
millipore filter support (dull surface in contact
with the mewmbrane) may have reduced the water
permeation to a value somewhat below theoretical.

It seems.to the authors that the characteristics
of ordered water in a porous glass 'desalination
membrane are very similar to those in a cellulose
acetate desalination membrane.

The ultrafilltration data presented, showing that
salt 18 esseéntially insoluble in ordered water,
prefumably because its highly hydrogen~bonded
" structure cannot accommodate iong, suggests that
ordered water in a cellular membrane could have a high
gctflcal registivity appfoachlnghthe value
to 109 ohm~cm proposed for pure ice.

In the second Douglag paper. entitled "Ultrastructure
of Hexagonal Subunits and Variable Aperture Fore
Function in Plasma Mewbranes,' the authors report
that development of the concept-advansed by
Fernandez-Moren (i.e., that the selfective permeability.
of nerve membranes might be envisaged in terms of
molecular pores" 1ined with highly ordered water,
resembling "ice-like" hydration sheaths or
crystalline hydrate lattices), vas prevented by
inadecuate knowledge of The precise molecular nature
of ordefed water. -

- 10 -
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Such knowledge has now been extended by the
McDonnell Douglas group as a result of their
studies on the transport properties of ordered

- water in the pores of cellulose acetate and unfired
Vycor glass desalination membranes.

Arrays ol hexagonal subunits, ca. 90-954 diameter,
were revealed by high resolution electiron microscopy
in a black lipid membrane of the type Iin which
Mueller and Rudin induced nerve-like electrical
activity by addition of the clrcular polypeptlde
antibiotic, alamethicin.

The subunits appear to be related to those reported
in junctional sites where adjacent membranes of
‘living cells are known to be in electrical contact.
Molecular models of the subunits strongly suggest

that they act, in association with adsorbed allosteric
proteins, as variable aperture pores in the cellular
membrane. The arrangement and movement of cholesterol
molecules in these models resemble those of the

leaves of a between~the-lens shutter of a modemrn
camera. : T . )

It was found that for optimum desalination, the
membrane pores should be about L40-454 in diameter,
about twice the thickness, t, of the hydration sheath
of 'salt-rejecting ordered water at the hydrophlllc
surface of the membrane. The Poisgeuille flow of

water through-fhe. membranes was measured and showed
that the mean viscosity of this ordered water is
about .37-40 tTimes greater than that of ordinary

bulk water at room temperature.

"The insolubility of sali in ordered water suggests
that its electwrical condu tivity glght Ee vefy Llow
approaching the value 107 to 1077 ohm s
proposed Tor pure ice. "

One of our micrographs of ultrathin submicroscopic
nerve fiber ending served as relerence to suggest
the presence of vnordered water channel plug
surrounding hydration sheath as components of an
electron dense membrane. This result led to their
pursuit of similar components in an ultrathin black
1ipid membrane of the -kind that hag been proposed as

-‘:!_1~.
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a prototype of the plasma membrane of cells and

the membraneous elements of mitochondria, nuclel,
chromosomes, endoplasmic reticulum, Golgl apparatus,
and chloroplasts.

Electron microscopic evidence ig given that a black
1lipid membrane, with protein adsorbate, can have an
hexggonal structure resembling the hexagonal liguid-
crystalline phase discovered by Luzzatti and Husson
in a brain phospholipid-water system.

In resting configuration the hexagonal subunit of
an axon membrane 1s postulated To have a pore of
unordered water of diameter x=4.0A. This is shown
in thelr figure of molecular model of 1lipid water
components of an hexagonal subunit in a plasma
membrane. The figure shows how a slight angular
displacement of each cholesterol "shutter leave,"
each moving cooperatively with its neighbor, could
increage the radius of the central pore of unordered
water from 4.0A in restlng configuration to the
"equivalent pore diameter” of ~8.44 cited earlier
for the sguid axon. During this oonflgvratlonal
change the ordered water sheath thickhess, t©,
would remain -nearly constant at ~22A4 and each
phospholipid complex-would unbend slightly about a
natural bending point situated near, the outer end
of the cholesterocl leaf.

‘The authors discuss the Hodgkin and Huxley nerve
excitation theory based on the postylate of Ttwo types
of specific pores or lon-gates, one. for godium and
one for potassium. They indicate thalt his theory is
now. challenged, in particular by Watanabe, Tasaki
and Lerman, who obtained normal-llke action potentials
with normal polarity from isolated squid giant axons
perfused internally with dilute (e.g., 30 md) sodivm
phosphate solutions and externally W1tb 100 mM
caleium chloride. They noted that no potassium was
present-and that the sodium ion gradient was opposite
to that found normally, concluding that the data
are incongistent with the Hodgkin-Huxley Theory
that initiation of an action potential is the
consequeﬂce of a membrane permeability increase
"specific" to sodiwm ions. The molecular model of -
the- -hexagonal subunit developed by the authors,

- 12 -
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however, makes it possible to resolve this
apparent discrepancy while still preserving
-the esgsentials of the Hodgkin-Huxley theory.

A clue to the nature of the drive required fto

turm the cholestercl leaves cooperatively in a
mamer that opens and closes the central pore in an
axon plasma membrane is given by the discovery of
Mueller and Rudin that the agntibiotic alamethicin
induces nerve-like electrical behavior when added
to one side of a black lipid membrane (e.g.,
lecithin-decane-squalene) separating two agueous
solutions. The alamethicin~trealed membranes
exhibit increased .cation conductance and action
potentials on electrical stimulation. The steady
state conductance increases as the sixth power of
"both the alamethicin concentration and the cation
concentration and also as the sixth power of the
potential across the membrane (or the sixth power of
the positive charge on the alamethicin side of

the membrane}. The authors indicate from this data
that the reaction involved in development of the
conductance is a highly cooperative phenomenon
involving. six alamethicin molecules and six cations.
Mueller and Rudin suggested that this phenomenon
might be allosteric in nature, involving intra-
molecular chelate bond configurations, and these
authors further develop this concept in terms of
the hexagonal subunit model.

In an actual—cellular plasma membrane, the molecule
that provides the drive for the ilon gate is probably
much larger than alamethicin. Mueller and colleagues
have discovered a proteinaceous excitability
inducing material (EIM) of cellular origin, that
lowerg the electrical regigtance of black lipid
membranes, develops resting membrane potentials

in donic gradients and producesg neprve-like
electrokinetic phenomena.

A high resolution electron micrograph of bovine
L-glutamate dehvdrogenase (GDH)}, Taken in our
laboratories, served in the authors' studies on black
lipid membrane as an approximation of The arrangement
of the execltability inducing material molecules in an
lon-gate. This enzyme has a M.W. of 310,000

~13 -
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¢orresponding to an oligomer which may contain
six identical subunits and six active sites. The

. authors! figure shows a clrcular aggregate of

GDH containing more Than six subunits but it appears
'that each GDH subunit might be~30A in diameter and
that about six of the GDH subunits surround the
central void of the Jaggregate to form an oligomeric
ring or rosette ~508 i.d. and ~1058 o.d., that would
just fit over the lipld ring of the plasma

membrane hexagonal subunlt shown in their previous
figure 4

" Recent experimental observations indicate allosteric

cooperative interaction between the subunits of
the GDH oligomer. Such interaction would be

.consistent with a postulated role of the oligomer as

one speclalized type of mechanical drive of an

. hexagonal subunit of a nerve membrane. Interactlon

of the GDH oligomer with glutamate and NAD coenzyme

substrate could allosterically open the hexagonal

subunit causing a localized depolarization of the

membrane; release of product cd-ketoglutarate and

NADH could close the subunit.

Such a transient electrical bpehavior has been observed
for ox brain black lipid films treated with GDH;
addition of substrates causes a transient decrease

in membrane impedance, which effect can be demonstrated
repeatedly Thig effect is of great interest

"because of the vole postulated for glutamate as an

excitatory transmitter substance in the mammalian.

nervous system and hecause of the relationship,

by decarboxylation, of glutamate to gamma-aminobutvric

acid, GABA, which appears to function as an inhibitory

transmitter substance. A similar effect was obtained

with acetylcholine esterase and acetylcholine, a

known excltatory transmitter substance.m

The authors discuss how a rhodopsin molecule and

about five EIM molecules, adsorbed on the 1lipid

ring, might act as an allosteric shutter relase

and mechanical drive for a hexagonal ion gate in

The unit disk of a vertebrate photoreceptor membrane.

The EIM molecules undergo a cooperative allosteric

tran31t10n that furns the underlying cholesterol
"shutter leaves" in an angular directicn that

increases the aperture of the ion-conducting unordered

- 14 -
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water pore. To effect this overall change, the
rhodopsin molecule must also undergo an analogous
“allosteric transition in synchrony with the EIM
‘molecules. However, this transition, and therefore
the opening of the ion gate, is blocked by the bent
and twisted form of the ll-cis retinal isomer.
Adsorption of only one photon converts this
- chromophore to the straight all-trans isomer,
"thereby removing the steric hindrance to the overall
configuration change that opens the ion gate and
triggers the electrical activity of the retinal rod.

Additional recent references Support the concept of
ordered water in b1010g10a1 gystems,

For example. it is reported in "Polywater, Y
Lippincott et al from Sclence, Vol. 164, s %82, »June 27,
1969, that the infrared and Raman spectfa of a

form of water prepared in fused quartz capillaries and
previously designated as anomalous water have been
obtained. According to interpretation of the new
-data, new and previously unreported strong symmetflc
O-H- 0 bonds are formed, isoelectronic with FHF™

These bonds are regarded as responsible for the
remarkable properties of the material and have
conslderable covalent character. They are so0

strong that -they cannot be consldered as normal

o- - <}l hydrogen bonds.

Several gtructures are proposed which are oonsistent
with the spectial data and the remarkable properties
and stability of the material. It ig concluded
that the material is a true polymer of water, and,
therefore, is named polywater.

Another paper. entitled "Tecelike Cell Water Shakes
Biotheories" in Scientific Resezarch, June 23, 1969, p.9,
reports that researchers at the U.S., Naval Air
Development Center 1n Johnsville, Pa. and at the

Texas Children's. Hospltal of the Baylor University
College of Medicine in Houston discovered that most

of the water in muscle  and brain tissue is not in its
familiar liguid state, but instead appears to

possess a highly ordered structure that can best be
“described as semicrystalline, or Lce-like.

- i5 =
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Using nuclear magnetic resonance spectrogcopy

to study biological water, tTheir gtudies indiecate
that_tissue water has a sipnificantly greater degree
of crystallinity than ligulid water. If these
Tindings are conflprmed, thev may revolutionize old
theories of how jonsg are fransported across membranes

and how electrical 1mpulses are transmluted along
nerve fibers.

They further report that the conventional theory of
membrane transport has led to a contradiction which
can be avolded if tissue water is treated as a
solid-state system.’

- 16 -
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Training Program:

In addition to specific research programs, the

" laboratory has served as a center for Information

exchange to investigavors and students in the
United States and other countries. Events during
the past grant period have included: -

A. Visiting Scientists to learn electron microscopic
technigues and/or congultation on research projects
of mutual interest: - .

1. Dr. Hermann TrHuble, Max Planck Institute,
Gottingen, West CGermany, Summer, 1968.

"2, Dr. Fred Gamble, Stanford University,
. Palo Alto, California, February, 1968.

3. Dp. Hans Schier, Sprague‘Electric Company ,
. North Adams, Massachusetts, Spring, 1968.

4. Dr. Richard Gumport, University of Chicago,
1967~1968, consultation on doctoral thesis.

5. Mr. John Wooley, Gradvate Student, University
of Chicago, 1968-1969. S

B. Lectures Presented by H. Fernandez-Moran:

. i ,
1. "Physics of Nerve and Synaptic#Actions,”
’ invited lecture at the Semi-Annval Symposium,
. American Physical Society, New York State
Section, Syracuse University, March 30, 1968.

2. "High Resolution-Low-Temperature FElectron
_ Microscopy," Guest Lecture before Sigma Xi
Chapter, Iowa State University, April 1, 1968.

3. "Humanity and Science at the Crossroads,”
keynote address for the IR<100 Awards Bangquet,
sponsored by INDUSTRIAL RESEARCH during the
National Conference on Industrial Research,
Conrad Hilton, New York, October L 1968,

- 17 -
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4, '"High Resolution Electron Microscopy Applied
to the Study of Nerve Membranes, presented
at the Neurosciences Research Program Work
Session, February 9 -11, 1969, M.I.T., Boston,
Mass, . .

5. George A. Miller Visiting Lecturer, University
of Yllinois, Champaign-Urbana, Illinois.
a. ”Recent Advances in High Resolution Electron
Microscopy"; b. "Electron Mlcroscopy at
Liguid Hellum Temperatures”:; c¢. "The Role
of the UhlV@fSity of the Evolution of Latlin
America"; d. '"Molecular Opganization of Cell
Membfanes,” March 24-27, 1969.

- 6. Pfeseatatlon befoce NASA Gongre531ona1 Hearing,
. March 31, 1969, Washington, _D.C.

. 7. '"Three Decades of Membrane Research," bhanquet
of the Symposlum on Ton and Water Transport
- Through Biological Membranes, co-sponsored by .
the Office of Saline Water and the Albert Einstein
College of Medicine of Yesghiva University,
June 17, 1969.
8. "High Voltage, Low Temperature Electron
Microscopy," presented at the International
- —~Conference on Current Developments in High
“Voltage Electron Microscopy, United States
Steel Coup.,.Monroeville, Penn. June 17~19, 1969.

-9, Presentallion before NIH Advisory Councll
June 20, 1969, Washington, D.C.

Profesgsorship Awarded H, FernandeZHMorag:*

Dr. H. Fernandez-Moran was invited to become
the A.N. Pritzker Professor of Blophysics in
the Division of Bioclogical Sciences and
Pritzker School of: Medicine, October, 1968.

.~ 18 -
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TII. Publications and Supportwng Material for fThe

Period January 1, 19068 thfough August 3L, 1969.

-A. Publicaticns:

ST,

6.

_acation, Ibhid.

H. Fernandez-Moran, J.J. Marchalonls,
¢.M. Edelman, "Electron Microscopy of a
Hemagglutlnln from Limulus polyphemus,
J. Mol. Bibl., 1968 Vol. 32, L467-L69.

C.L.F. Woodcock and H. Fcrnandez Moran,
Electron Microscopy of DNA Conformatlons in
Spinach Chloroplasts,” J. Mol. Biol., 1968,
Vol. 31, 627-631.

H. Fewnandez~wOran The World of Inner Space,

Science Year 1968, The World Book Encyclopedla
Science Annual, p. 216.

H. Fernandez-Moran, Humanity and Science at

the Crossroads, keynote address presented at the
banquet of the Natiomnal Conferénce on

Industrial Research and I-R 100 Awards

Program, October 4, 1968.

a. H. Fernmandez-Moran, The Electron
Microscope-Part 1: Toward the Center of

-~Iife, Laboratory Management, January, 1969
“b. H Fernandez~Moran, The Electron

Microscope~Part. 2: Big Future for Demagnifi-—
i
H. Fernandez-Moran, High Resolution Electron

Microscopy Applied to the Study of Newrve
Membranes, presented at the Neurosclences

‘Research Program Work Session, February 9-11,

1969, M.I.T., Boston, Mass. To be published
in the NRP~Bulletin.' )

B. Supporting Material:

1.

‘Scientific Research, Januafy 8, 1969, artlcle

about H. FernandeZHMoran

"Meet U. of C's Renaissance Mzn," Chicago

 Sun Times, July 11, 1968

- 19 -
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R.D. Schultz, S.K. Asummaa, F.D. Klelst,
Ultrastruecture and Variable Aperture Pore
Function of Hexagonal Subunits in Plasma
Membranes, Douglas Paper 10,246, March 1969,
McDonmell Douglas Corp., to be presented to

the Second International Meeting, International
Society for Neurochemistry, Milan, Italy,
September, 1969. .

R.D. Schultz, S.K. Asunmaa, G.A. Guter,

#.E. Iittman, Characterization of Ordered
Water in Hydrophilic Membrane Pores, Douglas
Paper 10,247, March, 1969, Ibid. :

" H. Fernandez-Moran, The World of Imner Space,

The University of Chicago Magazine, Vol. ILXI,
No. 5, March/April, 1969 (reprinted from
Science Year, 1968, The World Book Encyclopedia).

University of Chicago,; Office of Public
Information, Press Release, December 3, 1968.

H. Fernandez-Moran, Die Erforschung der
Innenwelt des Menschen mit Hilfe des
Elektronenmikroskopes, Med. Welt,

20 N.V., 1969, 16.

Electron Micrographs, Jet Propulsion
Laboratory, California Institute of Technology.

- 20 -
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SUMMARY

The Superfluid Relrigerator at the University of

dhicago produced approximately 2.5 litersg of superfliuid

nelium at 1.82°K. in @ glass dewar atbtached to the

Egperfluid Transfer 1ine. The supeffluid'was maintained
3 - A . i
for one hour but could have been maintained for three

hours. The control panel for the Superfluid Refrigerator
was Installed by univéfsity pefsonﬁel prior to thiS‘visit.
- To investigate a heat leak in the system and
inétrumentaéion problems in the microscope dewar, a giass
dewar was installed on the éuperfluid-transfer line. This
permitted visual observations of the liquid collected and
supérfluid proéuced, to inS;re that the inétrumeptation was
‘operating p}operly: ’Because of the heat leaks in the system
it has been neécessary tq-pPOQucé'liquid helium in the
Collins Helium Iiquefier for cooling the heat exchanger below
the lnversion point éo 1iquid could be accumvlated in the
glass dewar.‘dThis qgﬁggnﬁingpus proceés was -made continuous
by injecting liquid helium directly into the internal dewar
of the liquifier at a rate equa-l to the heat leak in the
system. The boil-off gas from this technique is automatically
stored in the refrigerafion system.

Concurrent with these e#periménts bench measurements

were made on the microscope dewar to evaluate its heat

leakage and the accuracy of new Instrumentation installed.
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The system performance was improved by aading liquid
nitrogen shielding colls to tﬁe outside of the thirty-foot
transfer tubes.

. A leak to vacuum in the radiation shield liquid
mnitrogen line inside the heat exchanger was repaired.
‘ A valve spring that failed inZone of the compressor

neads was replaced.

. HISTORY
(See Installation and Service Report, March 11, 1969)
'.Since_the control panel had not yet been installed
and problems existed with the instrumentation in the
dewar, it wags decided té operate the superf}uid'refrigerator
in a glass dewar 20 visual obéerVationsicould fe made on the
s&stem’performance. °This was an essential supplement to

the work performed during the initial Opera%ion at the factory.

—

Concurrent with these experiments, bench tests could be
made on the microscope dewar to determine t%e boil-off

rate and to calibrate new instrumentation.
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SERVIéﬁ PERFORMED
Prior to this wvisit, university personnel had
accomplished the following:
.;1. Installed,rwired, and piped the control panel.

L

2. Tnstalled the orifice for meésuying'the flow on
the discharge of the biower-'S'..
3. The superfluid line was connec%ed to the glaés dewar-
. Cylinders of nitfogeﬁ gas for pressurizing the iiquid
nitrogéh’storage_dewérS' were ;nstalled in the change room.
5. A ladder was installed to proyide‘access to the
cryogeﬂid adsorbe}s;
The f&ilowing changes were made in. the system-during
thése visits: -
i.' Installed tThe Brink Mist Eliminator in the discharge :
~line of the combressor.in the attic.
2. .Repairedfé leak to vacuum in the liquid nitrogen
precooling coil on fhe fadiation shieldl
3. Made some wiring modifications and replaced several
compohehtsrin the control panel. -
4. TInstalled a solenoid valve on the water cooling line
. _ to the vacgum pUmps (It is wired in parallel with V-601).
5. Installed a 3/8" cooper line on the outside of the -
transfer line fo reduce the heat load on the lines.
' Oné inch of armaflertype insulation ﬁ;s applied over.

Mo
- the coilsa. ’
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6. ‘Installed carbon resistors in the glass dewar to

indicate the temperature and the 1liquld level.

OPERATJON
Many runs were made in an attempt to locate and
ieliglnate a heat leak that prevented liguefying directly
in the glassg dewar. Liquid helium could be made in‘the
Collins Heliuﬁ Liquefier aﬁd tﬁen be used to precool the -
heat exchanger below the inversion temperature so liguid
could be accumulated in the glass dewar. Thie technique
is reliable and repeatable, but the 1iqﬁid can only be
maintained _for about 4 hours. This technique, combined
with the wvacuum puﬁpe, reéulted in achieving superfluid
avvl.SQOK. The sﬁperfluid was maintained for 1 hour but
could have been contained for approximately 3 hours.
‘“ﬁmCOﬂMENDATIONS
. Unlver51ty of Chlcago
1. Water treatment is regquired. for the cooling system on
the vacuum pumps. -
2. A water separator should be installed in.the control
- air line to the inlet velve,of the vacuum pumps.
3. Tnstall = room thermostat in the vacvum pump room to
,'starb the ventilation system on heat n;se ih the room.

4, 1Install a 50 psig relief valve on thékllquld nltrogen line.
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CONTINUATION OF THE INSTALTATION

The presént mode of oﬁerafion can be improved by
?indiné and mininizing tﬁe system heat leaks so that
1iquid helivm and superfluid helium can be produced
airectly in the glass dewar and be @aintained for extended
periods oF time without Joss of helium.gas.

After completion of thg‘experiménts in the glass
dewar, and the bench tesés of'the microscope dewar, it

will be necessary to reinstall the microscoge'dewér.
TheAsupeffluid ?ef:igérator will then be checked out
and operated with this dewar. .

Tt is estimated that it will take several weeks to
compléte the experiments in the glass aﬁé m;crosoope dewars.
If problems are eﬁcouhtered,~several months could be
regquired pefore the refrigerator is operatiﬁg in-the dewar

e

on the microscope.
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INSTALLATION AND

ERVICE REPORT
P )

quupficr Cabinet

three Cryogenic Adsorbers and associated equipnent was
installed. it ’
equipment an

Ia both cases it was only necessary to discuss the Iayout
ping’ i ] 2
the installation.

ayolt ) -t -
piping so University Central Shop personnel could proceed with

The Liquefier Assembly'was 1i

ad out of the cabinet and
lina was yemoved and replacéd with a plu
removed from the #3

the RDT flex -
.
T e heat excn naay was not
i . _‘/’ -
flange. "The flex line was removaﬁ because the -RDT tuba
- . .‘ e : - .
cannot be instzlled in the cabinet in the existing room. - __—
. The schemaiic electrical dfaw1n° was translated into a field wiring -
sketch for the electrical contractor te lay but and bid on .the job. This -
was later translaued into a field wiring diagram. - . ’
The oil was drainad 0ut of the blovers ard reolac ed h*th new 01*.
The original drew ng did not show a flow switch on the wata; and
pressure switch on the air to protect the blowers. These hava been installed
and will be wired in the mear future. ’ )

The fine l sten of Phase 1 1nv01ved checking the wiring
ing, and cleaning the system prior to liquefying helium in th
PH@SG 11.

,- pressure chec
asscmbly hq the

e ca
. ;. :
The transfer lines were shipnad in two sections £
ield.

hinet.
r final
1 = °- I l:-: e
Installing the telrigerator—
into the-.couplings disclosed the followi
(1

or—end of the traunsfer lines
problems:
The Crosshead could not be rota
. -

B
valve on the return
t+ho f.:

;...‘..'.‘l::-

ated beczuse the evacuzitio
er line (MX") was in the patn of
arainn cannacrtriae rod. ’
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(2)' The {2 eugine crank shaft connecting rod journal rubbed
on line ("K™). Ce e :

. (3) The coupling nut on line ("K") would not slide past the
- weld at the, top of the reducer on supply line ("5").

The following changas were made to zlleviate the above problems:
(1} The vacuum valve uas removed from the mounting boss on
line ("K") and replaced by a plug. A hole was drilled
..and tapped into the front of the boss. A nipple was
- .- soft-soldered and screwed to the transfer line boss and
the vacuum valve. . T

(2) The ("X") line interference was eliminated by fili
off the crank shaft journal of the #2 engine conmnecting
l‘Od. ’ -..." ’ ar “‘,‘ ’ ’

(3) The uppexr weld on the line ("J") reducer was sanded dowm
.- . with emery cloth. This cowbined with a spacer clamp on
the transfer tubes eliminszted the interferenca.

The helium coupling asseamblies were installed on the heat exchanger
without difficulty. Both jeings were made with soft solder because the

previous coanections were of this materizl. The transfer lires wexe insertad

into the couplings and lined up with the mating sectious perfectly. The lines

were cut to length, inner line silver soldered, insulaticn sewed on and the

installed. S i ‘ \ o o ;

outer jacket counling

The superfluid heat exchanger was openced for visual inspection and to

- - - LN .

"repair saveral minor problems. A copper shield was placed over thae hole in
o . R
the radiztion shileld vhere the shipping mount had been connected to the heat

.. . - -

excnanger. The liquid nitrogen line precooling the radiation shield was

relocated slightly to eliminate it contacting the mylar on the heat exchanger.
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.

A coppaer shield was fabricated to cover the hole vhere the nitrozen line

goes from the outside of the radiation shield into the heat exchanger. The

-

outside of the rvadiation shield and heat exchanger vacuum jacket was cleaned.

Some diffusion pump oil had collected on the shield and in the jacket. Mylax

- was placed over the outside of the radiation shield prior to reassambly. The

diffusion pump was disassembled, clesncd and reassembled.
The Brink Mist ElZmirnator had a lesk between the flaaze ané the gasket

of the.Brink element. The eliminator was shipped (collect) back to Monsanto

on February 13, 1969 for repair. - S .. . .

- e

- "An abortive attempt was made to clean up the system by evacuating the

_total system with a vacuunm pump. The valves to the blowers were openad and

. the blower seals do.not seal vndexr vacuum. After closing the valves to the

. - - - .

blowers, the system was readily evacuated and cleanad up,
e T -

- OPERATION , SR E

Phase I. The system was checked out, cleaned up and cooled down. The

. liquefaction rate in-the cabinet was 8 to 8.5 liters per houx. - -

It vas necessary to run the blowers while replacing the oil. The high

noise and vibration level produced numerous complaints from people in adjacen

. ) L (3 .
- labs, so a sound attenuating room was erected over the blowers. The blowers
"_ . ‘l ) .- . R : - .
blavked off 2t 6 microns. . B - T e

Phase TT. The system was cleanad up and cooled down. Several probleas,

heliun leaks, vacuum leaks, contemination, and iasufficient nitrogen supply

~

abortec the first few runs. After surmounting these difficulties, the
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liquefier and heat exchanzer coolad dowh and liquid was collected in the

.

,

microscone dewar. In four differeat runs liguid conditions were maintained

An Lhe nicroscone dewar for from 2 to & hours. These conc;t ons could ‘have

been maintainad for-longer durations, if desirable’

o e - . - . . - -~

Training sessions were conducted in the theory of the liquefier an

refrigerator for 4.2°K operations. Two technicians have been trained to

- - . e .. -t - " -
-operate the licuefier and one to operate the refrigerator heat exchanger

combination for-4.2°%. The training is not complete and will be continuad
) . ) . . . b -

———

in futuge visits. ) A - RS )
EQUIPMENT CONDITION T .. cT T AL

(1) The flare on the 'supply line of the left supply flange was alnost
e S non-ax «{gtent. The line was reflared. | :

“(2) The General Electric Starters for the b’oweré arrived vith one of
them wired for 220V internal control in place of the 110V external
control that was ordered. General Electric supplied the necessary
parts for the electrical contractor to modify tha‘Starter.

(3) The client supplied the diffusion pump oil- because Lnat shippad

.“
was full of pieces of "red rubber."

(4) The #2 Comprassor fourth-stags pressure gauge was replaced.
: v ~N ot -

" (5) There was a leak zround the nut on the #2 Hlower. The clearance
~ hole in the casting for the stud had excessive and eccentric
clearance. The lezk was eliminzted by_dbrazing a wzshar with an

"O-ring groove to an acorn nut to replace tﬂe original nut and
" washer. ..o T - . - -

- - .

(6) Cna belt-guard support on the #2 dlower failed. This
during installation. A new supporit was made and imstallad.
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,UO“” T0 BE

-

COM2LETED

Univarsitv

of Chaicawo

L)

(2)
(3)

')

(s)

(D
(8)

(9

(10)
(31)
(12)
(13)

(14)
-(15)

f=h

Kitrogen gas for pressurizing 1i
nl

nit oaan dewar should be
insta l heck with dawar manu 2

urar for pressuy i/lbo coil),

‘m
Cl.
~ 0
¢l

Revazn the liquid nitrogen piping neasr and in the change room.
Install the third liquid nitrogen devar.

InsLall a Ual1 rack for the helium cy¢1nde?s. -

’

Install the Brink Mist Eliminator under the sink in liguefier
rooqn. (Shipped back to Momsazato for repair February 13, 1969.)

[

Install on the heat exchanger 2 styrofoam 1ﬁsu1at1hg block on ti

77°K helium line for the microscope deway shield. .

Change the water and air piping for blowers in Room 207.
- i I‘
,

Check the operation of ventilatioa svstem for the blowers.
¥

-

Install vibration dempening on 6" blower vibration isolators.
. - .. ﬂ N -

I :stall more rubber around 6" veecuum line in“the ceiling of the

blower attenuvation room in 207.

Install a 1/4" airline from Roon 207 to the microscope roon for
controlling the butterfly valve on the n]ouers. o

Install 2 1/4" line for the compressor fourth stage pressure
gavge from the zttic to microscoge Yoo,

- v . :“. A ) ) - : -
thg operation of the venrilatioh system for the liquefiex
o in the attic. . - ’

Install lights aad steps for reading compressor-gauges..
gres:

ittacn a ladder to the Gas Holder for access to the cryogenic
acsorbers., . ) -

.
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(16) Fix the relief valve on the Gas Holder.

(17) Vacuum inside of.Gas Folder.

P

(18) Inmstall a Korofund pad under the Gas Holder if necessary to
eliminate vibration. )

500 IXCORPORATE

(1) Complete the electiical drawing showing the control panel.

{(2) Provide z complete set of spara parts.

1/ i,
/ LY

!“/\,f“/”ﬁ/ﬁ?xff'“ v//VCAJ

) Richard A, Osburn
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August 16, 1968

Pr. Fernandez-Moran
University of Chicago
. 5640 Ellis Avenue
Chicago, Illinois

Dear Dr. Fernandez-lMoran: "7°39510

On Avgust 14, Dr, Collins and myself were successful in liquefying helium
.in the glass dewar which is a mock-up of your electyron microscope supen-
conductine magnats at the rate of about 2.5 liters per hourx. Futhermore,
we Jlowered jts temperature to 1.8°K for about 10 minutes ugine the two
Herasus vacuum pumps maintaining 13,5 watts heat input and to 1.85°K fox
A5 minutes maintaining 10 wakts. After about 39 wminutes opexation, we
wexe forced to shut down because of freezing out water vapor coming from
the Heraeus vacuum pumps. Our next task will be to dry these pumps before
conducting our tests. ) ) S '

. . - - . . - I!‘ st . -
We find it necessafj‘to use a special liquid nitrogen cooled trap between
these pumps and the Tefrigerator particularly so when. set up in your labora

tory vhere the pipe lines are much 1oncer. H

;o B
.Sincerely, o

Vi iy
M11t01 H, Streeter~'

. MHS:caj
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October 3@,‘1968

The University of Chicago
Department of Biophysics.
5640 Ellis Avenue

Chicago, Illinois 60637

Attention: Dr. Fernandez-Moran
Dear Dr. Fernandez-Moran:

This letter will confirm.our telephone diséussion of Qctober 1&,
and review the status of the superfluid helium refrloeratlon
..system whlch we are supplying to you,

"I am very pleaqu with the results of thé tests which were conducted

on your behalf during the week of September 23, by Dr. Collins and

Mr. Streeter. As Mr. Streeter reported to you, continuous refrigeration
of 20-watts was achieved while maintaining superfluid helium in the
external dewar. These tests demonstrated bevond guestion the feagi-
bility of providing superfluid helium rafriceration outside of a refrig-
evator. I believe this is the first time that refrigération of this
magnitude has been produced in this manner.

—

We are looking forward to the application of the reirloerator to your
superconducting microscope with a great deal of enthudiasm. Mr,
Streeter vill be available to assist you with the tests after you

- have completed the installation of all of the equipment.

At the request of Mr, Walsh, we have submitted a quotation tc you forx
"step starters for the 30 hp vacuum pump motors. We have requested that
‘these be shipped directly to you from the General Electric Cempany.

They expect to ship them to you on November 14. Iu the meantime, T
Twa have shipped the starters which were used during our tests.

With the exception of the refrigerator-to-heat exbhanger transfer
~lines, all equipment has now been shipped. As soon as you have installed

the refrigerator and heat exchenger, we will make final measurements for
these llnes and cowplete the Fabrlcatlon.

s

I have enclosed a2 milestone chart which summarizes the current schedule.
It now appears that testing at your laboratory will take place early

in Decembexr. Final tests should be complete in Decenber or early
January, '

World's lzading manufacturer of hativm rafe'=aratarg - ad ficoafi=e
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COMPUTER ENHANCEMENT OF ELECTRON
MICROGRAPHS

Robert Nathan, Ph.D

Staff Scientist
Jet Propulsion Laboratory of the
California Institute of Technology
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/4 UNIT CELL-LOW /& UNIT CELL-SIMULATION
RESOLUTION OF HIGH RESOLUTION

{F

FULL UNIT CELL-LOW FULL UNIT CELL-SIMULATION
RESOLUTION OF HIGH RESOLUTION

COMPUTER RECONSTRUCTION FROM FOURIER
TRANSFOM OF DIFFRACTION MAXIMA

20. Computer Reconstruction From Fourier Analysis of Images in Figures19 d and f.
(a) Reconstitution of 1/4 cell repeat unit as seen in Figure 19
(low resolution image)
(b) Reconstitution of full unit cell from Fourier components
obtained from analysis of Figure 1%. Note loss of image detail.
(c) Reconstitution of 1/4 cell taking phase and magnitude of
Fourier components from both on-axis (Figure 1%i) and off-axis

(Figure 19f) images to form single high resolution image resembling

Figure19 b.
(d) Full unit cell simulation of high resolution (See Figure20 c).

Note increased sharpness and appearance of non-round shape.
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SIMULATED STRUCTURE OF HEXAMETHYL BENZENE AS

DETERMINED BY X-RAY CRYSTALLOGRAPHIC METHODS

21. Atomic resolution obtained by X-ray methods for simpler substances.
This resolution is goal of present effort on electron microscope,

but is expected to be applied to more complex organic substances.
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FIGURE 1. Diagrammatic representation of ordered water sheath
(thickness, t) in the vicinityof a pore in a hydrophilic membrane.
Top diagram shows critical diameter (2 t) of hole filled with
ordered water that will exclude all ions; bottom diagram shows
hole lined with ordered water that will allow ions of width (<x) to

pass through unordered water channel of diameter (x).
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FIGURE 4. Molecular model of lipid water components of an '""hexagonal'
subunit in a plasma membrane. Left diagram shows top monolayer in
partially closed "'resting' configuration. Right diagram shows top mono-
layer in open configuration. Each subunit contains two monolayers back

to back, with the cholesterol leaves outside.
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adsorbed on hexagonal subunit in resting configuration (B) allosteric

chelation interaction of six Na(HZO)3 ions with six alamethicin molecules

to effect an open ion-gate configuration.
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FIGURE 8. (A) Hypothetical arrangement of one rhodopsin molecule and
several EIM (or EIM-like) molecules adsorbed on the interior surface of
a lipid ring of a hexagonal subunit in the retinal rod membrane.
(B) Representation of the ion-gating allosteric transition resulting from

the adsorption of one photon by 11-cis retinal of a rhodopsin molecule

and the chelation of sodium ions by the EIM (or EIM-like) molecules.
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Figure 1. Relationship between salt-free ordered water hydration
sheath at hydrophilic membrane interface and critical pore diameter

for desalination.
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Figure 4. Active desalination layer of cellulose acetate membrane
idealized as assembly of close packed 188 } diameter spheres.
Ordered water permeates through interstitial pores (A and B).




Plate Ia) Microcuvettes before and after centrifugation.
Plate Ib) Portion of an osmotically disrupted chloroplast
showing DNA strands associated with membranes.

Platinum shadowed. (X 30.,000)






—

I1Ta

Plate

)

,000

(X 20

G
Qs
tn
0 @
= o
~ @
O M~
6.2
=



A
=/ Lvdh

shadon

| Y
/
14% dis

oS
gct

olecule

uclear

frac

L




T

-

Plate I. (a) Hemolymph of Limulus polyphemus stained with uranyl
acetate showing, In addition to hemocyanin molecules,
typical ring structures about 100A in diameter.

. (b) Hemagglutinin isolated from Limulus polyphemus stained

with uranyl formate showing uniform 100A particles with
same kind of ring structure. X 550,000.




Plate 11I.

Limulus hemagglutinin fixed with glutaraldehyde, stained
and embedded in ultrathin film of uranyl formate extend-
ing unsupported over hole of fenestrated carbon film.

In central areas the ring-shaped molecules are often
distended, displaying their fine strucfure in various
orientations. X 550,000. Asbestos filament (insert:

X 1,000,000) exhibits lattice period of 7.3A which
serves as accurate calibration standard.
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Electron Microscopy of DNA Conformations
in Spinach Chloroplasts

C. L. F. Woopncocg anD H, FERNANDEZ-MORAN



J. Mol. Biol. (1968) 31, 627-631

Electron Microscopy of DNA. Conformations
in Spinach Chloroplasts

Chloroplasts have been shown to contain DNA by experiments involving density
gradient ultracentrifugation (Chun, Vaughan & Rich, 1963 ; Shipp, Kieras & Hasel-
korn, 1965; Tewari & Wildman, 1966), and by electron microscopy of tissue sections
(Ris & Plaut, 1962; Kislev, Swift & Bogorad, 1965; Bisalputra & Bisalputra, 1967).

For the reliable identification of chloroplast DNA it is essential to obtain chloro-
plasts free from nuclear DNA contamination. It was therefore necessary to devise
techniques for the preparation of clean, intaet chloroplasts.

In this communication we report the successful application of techniques for the

“isolation and purification of spinach leaf chloroplasts on a microscale. This has
enabled us to visualize by electron microscopy the DNA associatied with each chloro-
plast, following disruption by osmotic shock. DN A molecules extracted from purified
chloroplasts were also analyzed. Examination of these preparations under controlled
experimental conditions has consistently revealed two major DNA conformations
and a characteristic association with the chloroplast membrane system.

Young leaves of Spinacea oleracea var. Viroflay were harvested and chilled to 0°C
for all preparations. In order to eliminate grinding and homogenizing, whichare major
contamination sources, chloroplasts were taken from single razor cuts made in the
leaf. As shown in Fig. 1, the leaf was placed lower side down on 0-05 ml. buffer
(solution A, Jensen & Bassham, 1966), and a glass capillary tube used to take up
the diluted sap. By this gentle procedure, whiclh essentially taps the native cell con-
tents, the ratic of intact nueclei to chioroplasts was cne to 150, similar to that in
mesophyll cells. By confrast, after five seconds homogenizafion of the leaves by the
usnal macromethods, only one intact nucleus per 1000 chloroplasts could be observed,
thus showing that 75%, of nueclel had been fragmented. 75%, of the chloroplasts
isolated by the micromethod were of the class I type (Spencer & Unt, 1965) which
are thought to have the outer membrane intact.

To separate ehloroplasts from nuclei, specially constructed glass mierocuvettes
(Ferndndez-Mordn, 19587) with an internal volume of 0-1 ml. were used, in which
gradients of 50 and 30%, sucrose in buffer were set up. 0-01 ml. of chloroplast suspen-
sion, containing about 10° class T chloroplasts, was layered on top, and the cuvettes
centrifuged at 12,000 g for 60 minutes in a swinging bucket rotor (type HB4, Sorvall)
specially adapted for microcuvettes. After this time, a distinct chloroplast band and
a pellet were formed (Plate I(a)). Feulgen staining of these two fractions by the
method of Leuchtenberger (1958) showed that the nuclei were confined to the pellet,
which also contained the larger chloroplasts.

For the extraction of DNA, the chloroplast bands from about ten microcuvettes
were pooled, an excess of buffer added, and the chloroplasts pelleted. They were then
‘resuspended in 0-5 ml. BPES medium (0-5 M-Na,HPO,—0-5 3-EDTA~5ar-Na(l
(16 : 20 : 36 by vol.) in 1 liter water, adjusted to pH 9-0), and placed in a dialysis
bag with 50 mg/ml. pronase (Worthington Biochemical Corporation) which had

627
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. } Copillary tube
4 Cut spinach leaf

Buffer solutwon

J+=Microscope slide

Chloroplast extrect
Buffer + 30 % sucrose

Buffer + 50 % sucrose

—— Glass microcuvette

1 IZ,OOO g for &0 min

|~ Chloroplast bond

Enzyme, detergent lysis

Hypophase solution

Fre, 1. Scheme for the extraclion, purification, and spreading of chloroplasts, and chloroplast
DNA.

previously been heated at 80°C for ten minutes to destroy nucleases. Dialysis was
carried outb against a large excess of BPES medium containing 1%, sodium dodecyl
sulfate ab 50°C for 18 hours. Fresh BPES was then added, and the dialysis continued
in the cold for five hours, after which the NaCl concentration was gradually reduced
during a further four hours to 0-05 31. The dialysate was collected and reduced by
evaparation to 0-1 to 0-2 ml.

The preparation of chloroplasts for electron microscopy was based on the osmotic
shock method used for the release of viral DNA (Kleinschmidt, Lang, Jacherts &
Zahn, 1962). About 10® purified chloroplasts in 0-005 ml. buffer, containing 100 pg/ml.
cytochrome ¢, were transferred 6 a polished and flamed steel needle which was
slowly lowered through a clean water surface eontaining a few tale particles (Fer-
nindez-Mordn, 1948). The resulting protein film, occupying a circular area one to
two centimeters in diameter, was transferred to carbon-coated elegtron microscope
grids, or to thin carbon films deposited on mica sguares. The carbon films were
prepared by evaporabion onto freshly cleaved mica in an ultra-high vacuum (Fer-
nandez-Mordn, van Bruggen & Ohtsuki, 1966). The specimens were subsequently
stained while wet with 19, uranyl formate, or dried from ethanol, and shadowed
with platinum from fwo sources at right angles. As a control, 0-1 mg/ml. DNase
(Worthington Biochemical Corporation) was added to the chloroplast suspension
immediately prior to spreading. Samples of the pelleted fraction were prepared in
the same way. DNA exfracted from the chloroplast and nuclear fractions was also
spread in a protein monolayer, but on a (-1 m-ammonium acetate hypophase.
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Prare IL. Portion of a fully dispersed chloroplast showing typical DNA conformations. Platinum
dowed on carbon-mica substrate. (x 29,000).




E III. (a) Part of dispersed chloroplast showing 1 iated with granal and inter-
granal membranes. ( 3,000).
(b) “Linear” and **mesh” forms of DNA attached to membranes. (< 62,000).




; (b), and (¢) DNA molecules extracted from purif chloroplasts. Platinum
shadowed. ((a) and (b) x 23,000) ((c) x 40,000).
ctracted from the nuclear fraction. Platinum shadowed. ( x 50,000).




LETTERS TO THE EDITOR 629

Electron micrographs were recorded with Siemens Elmiskops I and Ia, provided
with highly regulated power supplies, improved pointed filaments (Fernindez-Morén,
1960) and liquid nitrogen anticontamination devices. A diffraction grating replica
(2160 lines/mm) was used to calibrate the microscopes. To measure DNA lengths a
comparator (Nikon Shadowgraph) was used.

The spreading of an osmotically shocked chloroplast in a protein monolayer unfolds
this complex organelle so as to reveal the DNA moiety and its relationships with the
membrane constituents. The micrographs yield new information, unobtainable from
thin sections, and in many ways analogous to the clear display of viral and bacterial
DNA (Kleinschmidt et al., 1962; Bode & Morowitz, 1967).

All transitions were observed from chloroplasts with intact envelopes to those in
which the contents were completely dispersed. In the latter, characteristic thin fila-
ments were found extending between the granal and intergranal lamellae, and the
particulate matrix components (Plates I, 11 and I1I). These thin filaments occurred
in 979 of dispersed chloroplasts, but were entirely absent from DNase-treated
specimens. Since the use of DNase in combination with electron microscopy is
recognized as one of the most sensitive methods for detecting DNA, these distinctive
filamentous structures were considered to be DNA macromolecules.

Two main conformations of the DNA were observed : linear segments, about 5 to
20 p in length, and 20 to 50A in diameter (Plates 1(b) and II); and meshworks of
thinner (about 15 A) filaments, looped and interconnected with sharp angular bends
(Plate ITI).

Transitions between the linear L forms and the mesh M regions were observed,
often forming an interconnected whole. The maximum length of DNA recorded from
a single chloroplast was 150 p (Fig. 2(a)), but this probably does not represent the
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Fi16. 2. (a) Size distribution of DNA released from fully dispersed, osmotically shocked chloro-
plasts.
(b) Size distribution of DNA extracted from purified chloroplasts.

whole of the DNA moiety, since some may have remained attached to or hidden by
membranes. Whereas the linear forms resembled double-stranded DNA, the thinner
and convoluted M regions were strikingly similar to the single-stranded DNA de-
scribed by Freifelder & Kleinschmidt (1965). Both DNA forms were found in associa-
tion with the granal and intergranal membranes; but the M regions in particular
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seemed to be in intimate connection as though they formed integral parts of certain
membrane areas (Plate III(a) and (b)).

Discrete DN A molecules of varying form were extracted from the chloroplast band,
the size distribution being shown in Fig. 2(b). The majority of the extracted filaments
were linear with modal lengths of 3 to 5 (Plate TV(a) and (b)). In addition, highly
convoluted segments, reminiscent of the M regions, were observed (Plate 1V(c)).
The molecules were frequently associated with electron-dense particles which were
resistant to DNase, and thought to be chloroplast breakdown products, and portions
of membranes (Plate IV(a), (b) and (¢)).

Digestion of the pelleted fraction failed to resolve the nuclear DNA into separate
molecules, Instead, a mass of interconnected strands of varying width (20 to 200 A)
was obtained (Plate IV(d)).

In evaluating these results, numerous artifact possibilities, including contamination
with non-chloroplast DNA, could be largely excluded as significant factors.

Although the chloroplast band from the microcuvettes appeared to be uncon-
taminated with nuclear material, it was possible that small fragments, undetectable
with the light microscope, could be present. Since such contamination would affect
intact chloroplasts to the same extent as dispersed ones, the number of intact chloro-
plasts associated with DNA strands provides a measure of the non-chloroplast DNA
present. In these experiments, DNA strands were observed in 97%, of well-dispersed
chloroplasts, 389, of poorly dispersed chloroplasts, and 09, of intact chloroplasts,
showing that contamination with nuclei (or other sources of DNA) was negligible.

Estimates of the total amount of DNA per chloroplast have been in the order of
1015 to 10~ '® gram, corresponding to molecular weights of about 5 x 107 to 5 > 108.
Assuming the p-form of the double helix, this would correspond to lengths of between
30 and 300 . A minimum estimate for the size of the spinach chloroplast DNA may
be obtained from the maximum length of DNA associated with a single disrupted
chloroplast. This value, 150 p, falls within the range estimated by biochemical
methods.

Whether the chloroplast DNA moiety exists in the organelle as a single molecule
or as a number of smaller entities remains to be established. Although strict pre-
cautions were taken to exclude nucleases and to avoid shearing forces during mani-
pulation of the extract, it is still possible that breaks were artificially induced in the
molecules. However, there appears to be a correlation between the modal lengths of
extracted DNA molecules and the individual lengths of the L and M regions in the
DNA of osmotically shocked chloroplasts.

Extracted DNA of T'radescantia chloroplasts also appeared as short lengths (Grun,
1967), but it has yet to be determined whether the looped configurations correspond
to our M forms, or can be ascribed to other factors. The possibility that the inter-
connected L and M forms of the chloroplast DNA may correspond to double- and
single-stranded regions, respectively, is an attractive working hypothesis. In this
connection, it is of interest that two distinet chloroplast-associated DNA components
have been distinguished biochemically in spinach (Chun ef al., 1963).

In embedded and sectioned chloroplasts, 25 A DNA fibrils were observed in the
low-density areas of the matrix (Bisalputra & Bisalputra, 1967). Our results indicate
a closer association between the DNA and the internal lamellar system than is
apparent from sectioned material.

At present the DNA is visnalized as being intimately associated in specific regions
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with the membrane system. A highly organized spatial orientation can be anticipated,
assuming that the DNA and the self-duplicating mechanism of the chloroplast must
somehow conform to the paracrystalline arrangement of the membranes. Moreover,
as the chloroplast is a self-propagating, multi-component structure, the genome which
ensures its form and continuity may have commensurate complexity, which we are
only now beginning to elucidate.

Further work along these lines is continuing and will be reported in later papers.

We are indebted to Miss R. Keane for technical assistance, to C. L. Hough, C. Weber
and Miss J. Hill for expert assistance with photographie reproductions, and to Miss J.
Hopkins for help in preparing the manuscript. Sincere thanks are also due to Mr R.
Gumport of the Department of Biochemistry and Mr R. B. Luftig of the Department of
Biophysies for valuable discussions and suggestions.

This work was supported by grant GM-13243 from the National Institutes of Health,
by grant NsG 441-63 of the National Aeronauties and Space Administration, by United
States Atomic Energy Commission contract AT (11-1)-1344, by the L. Block Fund, and
by the Otho Sprague Memorial Fund of the University of Chicago.

A preliminary account of this work was presented at the 25th Anniversary Meeting of
the Electron Microscopy Society of America, August 30, 1967.
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ULTRASTRUCTURE AND VARIABLE APERTURE
PORE FUNCTION OF HEXAGONAL SUBUNITS
IN PLASMA MEMDBRANES

. R. D Schultz, 5. K. Asunmaza and ¥. D, Kleist
" From the Asiropower Laboratory, McDonnell Douglas Astronautics
Company/ Western Division, Newport Beach, California 92660

ABSTRACT High resolutwn electron micy OG‘IaPhS ha.ve revealed

arrays of "hexagonal” subumts, ~ 90 _95 i dlameter, ina b]ack
lipid membrane of the iype in which Mueller-a;,nd Rudin induced
nerve-like electrical activity by addition of the cirgulaxr polypeptide '
antibiolic, aJamethicin., The subunits appear to be related to those
~ reported in junctional sites where adjacent membranes of Jiving
cells are known to be in electrical contaet. Molecular models of
the subunits strongly suggest that they act, in association with
adsorbed allosteric pr oteins, as variable apexture pores in the
cellular merabrane. The ar rangement and movement of cholesterol
‘molecules in these models resemble those of the leaves of a between-
the-lens shutter of 2 modern camera. The possible roles of the
lhexagonal subunits in ion-gaiing, nerve conduction, sensory reception
{and active fransport are discussed in some detail. Ordered water,
~whose pl'oﬁegﬁies have recently been characterized by this laboratory,

is an Important structural component of the hexagonel subunit.
. -~ - - - .
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. INTRODUGTION o T

" ¥erndndez-Moran (1) seggested that the selective perm;eal'aility-of.nerve

membranes might be envisaged in terms of molecular "pores™ lined with

hydrate latlices. Lack of knowledge of the precise molecular nature of
ordered water has, heretofore, preventied t1-1e development of that concept.
Recently, however, this laboratory completed a study (2) of the transport
~properties of oxrdered water in the pores of cellulose acetate and unfired

Vycor glass desalinzation membranes. With the aid of electron microscopy,

|
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highly ordered water, resembling "ice-like" hydration sheaths or crystalline ..

]
|



it was found thal for optirmm{ desalination thcse porcs? should be ~ 40_,‘% A
in diametier, which is about twice the {hlckness, t, of the hydr 1L1onws“heath
-of salf-rejecting ordered walexr at {he hydr Opm_hc surface of the membrane
{(Fig. 1}. Measurcements of the Poiseuille flow of water through such membranes,
show od that the mean‘viscosu) of this ordered water is about 37-4Q times
grealer than that of ordinary bulk water at room temperature.h{‘h(:s?mple
. assumplion of approximate equality belween the hydration sheath thicknes 8,
t, and the average diamecier of a M'flickering clustex' (3) pernﬂit*ed a rate .
process calculation of the permcation of ordered water through ideal membrane
pores, in goocl agreement with the ekperlmental data. In that calculation (2)

the following pa1 ameters of ordéred water al 23°C were estimated:

. '_/ )
£t = ~ hydration sheath thickness = 21-22.3 1
da o= ave:ra.ge cluster diameter =21 22.3 i
R = average cluster size =. 162 - 191 molecules

kS - R

AR aclivation enthalpy for flow

- AS

6 0 - 6 3 keal/mole

ll

5 6 - 6 5 cal/mole-°K

i}
|

activation entropy for flow

o

AF = free aclivation energy for flow = JAe4 kcal/mole

‘AE'\}ap =  energy of vaporizatlion = 10. 6 - IO. 7 keal/mole
° ’. ': . T s e - )

U] =. viscosity s - ST 35 --0.37 pmse

N /.___,_-n

— v

duclivily might be very low approaching the value 107

// The insolubi:lity of salt in ordered waler suggests that its electrical con-
cm.
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! proposed (4} for pure ice.
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FIGURE 1.

{thickness, t) in the vicinityof a pore in 2 hydrophilic mem‘orane.
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Diagfaromatic representation of ordered wa.te:: shea.tn.'

, Top diagram shows critical diameter {2 t) of hole filled with

‘ordered water that will exclude 21l ions; bottom diagram shows

hole lined with ordered water that will allow ions of width {(<x) to

pass thr o{zgh unordered water channel of diameter (x),
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A pore in open configuralion in a nerve membrane may now be approxi-
f e,

mated, in the mannexr illustrated in Fig. 1, as an essentially unordered water
channel, of diameter x =~ 8.4-8.5 A surrounded by a hydration shealh of
" ordercd water of wall thickness ¢t =~ 21-22 A, The value x = 8.4-8,5 Lis
the "equivalent pore' diameler in a sqguid axon axolemma, derived by
'_ Villegas and Barnola (5) from solute penetration data. About the same
equivalent pore diameter has been reporied for the human exrythrocyte (6),
for the 1u1n'ina1 surface of the mucosal cells of .a ratl intestine (7), and for
the walls of frog single muscle fibexrs (8). The unordered water channel,
itself, would be difficult to resolve by electron micros copy. However, the
channel plus the surrounding hydz ation sheaf:h have a dnmetel estimnated
to be about 50 to 60 A, which should readily be resolved as an electron
dense membrane component, when surface~stained by a heavy metal salt.
Closc examination of an electron microgrmph by Fernandez-Moran, Fig, 9
of reference (1), does suggést the presence of such components in a specially

prep'ucd ultrathin submicxr oucoplc nerve fiber ending, stained with uranyl

(R S

1 formate. It was, therefore, of interest to look for similar components in

‘ 2n ‘ultrathin black lipid membrane of the kind that has been propos ed (9)
as a prototype of the plasma membrane of cells and the membraneous elements
of mitochondxria, nuclei, chromosores, endoplasmic reticulum, Golgi

: apﬁaratue and/h]oropla.sts. . - '

" Heretofor c:, it has been Lhoucrht thal all black lipid membranes have a
‘lamellar bimolecular leaflet structure similar to that in the Robertson 'unit-
membrane” model (10): which incorporates elements of the earlier Gorter-

Grendal {11) and Daniclli-Davson (12) models of the cellular membrane.
However, the next section of our paper gives electron microscopic evidence
that a black lipid mem’brene, with protein adsoxrbate, can have an hexagonal

structure res embhncr the hexagonal 11qulc1-c1ysta111ne phase (Fig. 2) dlS~

ettt e

covered by Luzzatti and Husson {13) in a bx ain phospholipid- water system
The hcxagonal subumts of this membrane may be related to those observed

by Robeltson (14 16} in the synaptlc membranes of Maulhner cells 1n the

.......

Juncf.lons from ‘solated rat- ]I.VCI pl‘Lsxna nwznblanes, and by Revel and
Karnovsky (19) and Kreutziger (20) in tight junclions from the mouse heart
and liver. These sites, at which a honeycomb array of hexagonal subunits

can be demonstrated, are rcrrlons in wh1ch cells have becn shown to be in
electrical contact {(21-24).
4



“Hexagonal

FIGURE 2. Rough schematic diagram of the liqﬁid-—crystalli'ne
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. phases of a brain phospholipid-water system, redrawn {rom

Luzzatti and Husson (13).




EXPERIMENTAL SECTION

'Electron Micros cope Studies

Mueller and Rudin {25} had previously reporied that a protamine-
stabilized membrane made from purificd lecithin (10% in decane-sglalenes, 2:1)
could be readily induced to show nerve-like action potentials by alamethicin,

a cyclopeptide antibiotic, Because of the indirect evidence that variable '
apertuxc pores or ion-gales play a key role in nerve conduciion, it seemed
reasonable that some of the uluastructule of such ion-gates rmght a.ciually

be seen m this artificial membrane

The membrane was Pr eparecl by pla.cmg a drop of the 11p1c1 solutlon

on the surface of 50 ml of a solutlon of 10 p g/ml of protamme in 0.1 M NaCl
contained in a Petri dish. After evaporation of the decane, a portion of the

- ) resultan{.ytl athin surface film was collected on an electron microscope

grid, whith had been precoated with cellulose nitrate and carbon. The

colleclion procedurc involved gently touching the surface film with the grid.
For negalive staining, a drop of 1% sodium phosphotungstate (pH7) was
plar:c.ecl on the grid and subsequently withdrawn by adsorption.in;:o filtexr paper.

Al operations were performed at room temp'érature (~23°C) in 2 clean-room.

Fig. 3 is a photo- en]argezﬁent of ax-l electron micrograph -of a stained
‘membranc teken with a Hitachi HU-11 microscope at 39, 000 X electron- .
optical ma gnifica.tic;n usiﬁg 100 Kev acceleration voltage, a low beam
intensity and a cold trap to preveni contamination. Overall, a distorted
hexagonal subunii fattesn is evident. Only a few of our attempts to obt.ain
this pattern were successful, possibly because this hexagonal lipid-water
. phase is just barely stabilized al room temperature by the low concentration
of protarine. The larger dark areas, about 200-300 .Et_in diameter, are
staining artifacts, essentiélly areas where e};ézess stain was not removed
successfully. Note the areas, marked S, where the oxiginal print showed
a paitern similar {o the rest of the filin, but almost obscured by an overlay
of excess stain. The black area marked X is a defcct in the originai photm

gréphic cxnulsmn Several thin Jines, denoling ~ 240 A have been drawn

to cmphasuc re yions where particularly regular patterns of subunits occur,
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Hcrc the subunit center-io- ccntcr distance is about, 90-95 A and the darkly
-stained electron-dense center is about 37-45 A, This dark center pr esurnably’
delineales a core of ordered water stabilized by the polar ends of the lipid

Jnolecules. “The cleciron micrograph may be compared with the 1uugh
schematlc Luzzali-Husson (13) diagram (Fig. 2} of the hexagonal 1 phase of

~a brain pllOsphollpld ~water system. Note, however, thal the squalene-lecithin
membxane is an ultrathin film, perhaps 35 A thick, while the Luzzati- Husson
diagram refers to an hexagonal array of 1ndcnn1tely long cylinders. In the
diagram, the blank white circular areas represent watexr; the small black
circles_represent the polax ends of the lipid molecules; the wiggly lines

represent the lipid hydrocarbon tails. e ' .

Squalene, ali.hough-non-'-polar, is biologically a precursor of cholesterol
and its/folded form is structurally related to that molecule. However, squalene
is an/oil al room temperature, while anhydrouls, polax, choiesterol is a
crystalline solid which melts at 149°C. This difference ma:'y help explain why
oux attempts to demonstrate an hexagonal subunit pattern in a protamine-

. stabilized lecithin-cholesterol .black lipid membrane have not yet been
successful. There is an iﬁdication from our work and frém the work of
Tuzzatil and Husson (13) Lhat the hexagonal arrancrement in protein-free
cholesterol— conta;.mncr phosphollpld membranes is slable only above 37°C
and that transition to 2 Jamellax arrangement occurs below this temperature.
Stabilization of tlie phospholipid membrane in an. hexagonal arrang:emen{; at
room telnperatule apparently reqmres the presence of the proper amount
and type of adsorbed protein or glycoprotein. It is reported (9) that
protein-free black lipid membranes have appreciable surface tension and
tend to shatler like soap bubbles when brbk.en. In contrast, membranes
made from total tissue containing intact proteolipids can show very Iii:tle
surface tension. These obsexvations suggest that artificial, protein—free,
black lipid membrancs do have the Gorter-Grendal-Danielli- Davson lamella.ll
bimolecular leaflet siructure but that proteohpld membranes (partlcu]a.rly,

~ plasma membranes of living cells) actually have the hexagonal stlucture

A discussion of the flexibility lln']l‘LS: of lipid bimolecular leaflets will be

“found in the first chapter of a recént book b;y Stein (26). A detailed criticism

of the bimoleculax leaflet "unit nlen‘;brahe'” as a model for the cell membranc

" has been given by Korn (27).



THEORETICAL SECTION

Molecular Model of an Hexagonal Subunil
i

Ya'ndcnheuval (28} developed an extraordinarily detailed molecxﬂar
model of ithe lamellar bimolecular lipid leaflct. As part of that modcl, he
also developed submodels of the cholesterol-lecithin complex and the
cholesierol-sphingomyelin complex based on the pl"inciple of maximuri'l

van der Waals interaction between the component molecules, These sub-
models will now be utilized to develop a detailed model of an hexagonal
subunit of a2 cellular plasma membrane, with par tlculal emphasis glven
to the axon membrane of the nerve cell, -
In resting configuration (Fig, 4) the "hexagonal® subunit of an axon
__] membrane/is posiulated to have a porc of unc;rdered water of diameter

+/

I-x = 4, 0/\ This diameter would just about permit the doubly hydrated
potassium ion, X(H O)-l2 to pass through thc membrane but would prevenf.
passage of the lalger triply hydrated sodium ion Na(H. 0)3 The scale
drawings of these ions (Fig. 5) are based on hydration numbers from
Hmdman {(29) and bond angles, bond dist tances, jonic and van der Waals
radii {1 orn Pauling (30). The coordination bonchnor radius of the oxygen
atom in HZO is approximated 2s 1,25 A, the same as in KZCuC14 EHZO, _
.Surrounding the unordered water pore is an annular sheath of ordered water
(sheath thickness t >~ 22 A) stabilized by the polar ends of p‘msphollpld
con.nple.):cs. Flg 4 shows how eighteen of these complexes couid be
arranged in symmetrical fashion around this sheath to yield one of the
two ﬁonolayers of an hexagonal subunit, The monolayer arrangement is
shown for nine cholesterol-lecithin cornplexes-intercalated. with nine
cholcstcrol— sphingomyelin complehes This arrangement, althoudh
not represenfative of the actual lipid composition of the axon membr ane,
serves to illustrate the type of close packing that might occur. The
hydrocarbon tails of the lipids are flexible and could extend beyond the
nominal 90 } diamecler of the subunit to intermesh with the corresponding
tails of other subunits, thereby imparting struciural strength with high

v Mexibility to the overall hexagonal array. Figs, 6A and 6B, which suggest
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FIGiIRE 6. “”Paste'—up” app}.' oximation of close pe.c".kiﬁg: of lipid ring:s‘ of .

hexagonal subunitg (A) in resting configuration (B) in open configuration.



thit intcrmeshing, were each made from a paste~up of photocopies of a
singie drawing of a subunit- The reader tan judge for himself that
réasonable individual c.d_]ucstments in the/positions of the flexible hydro-
carbon tails would pexmif closer packing of the subunits to yield a 90795 i
enter to center distance. The.closer packing would almost eliminate the
rapparent triangulaé' interstices, each siiuated belween three neighboring
"subunits. However, evel; with closer pa.cking, these interstitial areas,
:éilled with hydrocarbon tails in a fluid stale, could conceivably be 2 path
for nonclectrolyte hydrocé_rbon—soluble molecules to‘pass through t-he
cellulax membrane. Closexr packing would also cause some geometri'c .
distortion of each subunit resulting in an hexagonal appearance; hence the

Fl

term "hexagonal.

Those familiar with photography, willl immediately reco gnize the
striking similarity bctween the arrangement of the cholesterol molecules
of the hexagonal subunit monolayer (Fig, 4)'and that of the leaves of a
between-the-lens shutter of a camera. The figure shom*s how a slight
angulaxr displacement of each cholesierol Mshutier leave, " each moving
cooperatf;‘?vely with its neighbor, could increase the radius of. ihe central
pore of unordered water from 4, 0 &in resting configuration to the ”equlva,lent
poxe dla._rnen.el "of ~8.4 A cited ecarlier for the squid axon. During this
configurational change the oxrdered water sheath thickness, t, would remain
nearly constant at ~ 22 A and each phospholipid complex would unbend
slightly abouL a natural bending point siluated near the outer end of the

cholesterol leaf, < B “ -

-

- . v . . N -

- The remarkable electron micrograph. by Robertson (16) of a cross-
seclion of an hexagonal subunit array in a synaptic disk from a Mavthner
cell club ending shows each of the two cell membranes at the synapse to
consist of a layer with unstained regions ~ 23 i thick sandwiched between
-two stained layers each also ~ 23 R thick. [Sce also Benedetti and Emmelot ‘
(17). ] The stained layers presumably contain protein and glycoprotein; the
unstained regions of the central layer arc probably identifiable with the
.nonpolay parls of the phospholipid ring. It appears, therefore, that i:.I_)e ‘

- - - . - - H
3ipid ring of an hexagonal subunil consists of two monolayers, each ~11 A

13



thick, as delermined from the Vandenheuval phospholipid complex sub-
models (28). Each monolayer would have the arrangement shown in ’Fig. 4,
but the two monolayers would be back-to-back, with the cholesterol leaves
toward the inner and ouler cellular /sul'faces. The protein and glycoprotein
“layers in contact with these leaves conlain the allosteric machinery for
opéni’ng_and closing the subunit. Some details of operation of this

machinery will be considered next.

14



“The I-chagona.l Subunit Ion Gale in the Axon Membrane

Hodg} in and Huxley (31, 32) dcmonutraied that the pa. opadatlo of the

ag in ithe io
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nerve impulse ceincides with chang
membrane. ihelr rescarch led o the development of a nerve excnatlon _
thcory- based on the postulate of two types of spacific pores or ion- cratcs, one
for sochum and one for potassium. [See K-Lt.(, (.H) and Baker (34).] Normally,
thc nerve axon mienol is rich in potassmm ions and poor in sochurn ions
_while the reverse is txue of the exterior fluid. Accoxding to the theory, the
axon membrane attnns its negatlvc resting potentla.l by permlumrr posltlve
potassmm ions to flow oubtward throuo'h a "po..a.ss;.mn gate' which is rehtlvely

. 1mpenneable {0 other ions. Immediately in advance of the nerve 1mpulse_ or

. action potential a '"sodium gate" opens', peimittincr positi(;e sodium ions to
_pour into the axon, producing a localized positive charge in the 1nter10r In

- the wake of the nnpulse, the 'sodium gate'' cleses, Whereupon the ' pota.s sium
“gate® oPens- allowing KT ions to flow out thereby resionng ’che normal

negalive resling potential of the ‘axon interior. - TR

The above theory of {he ferve impulse has been subjeci;ed {0 searching
criticism by Tasaki and colleagues (35). The most sérioﬁs_ challenge has ' ‘
come from Watanabe, Tasaki and Lerman (35) who obtained normal-like
action pofentié.ls witil normal polarity from isolated équi_cl giant axoﬁs per-
fused internally with dilute (e.g. 30 mM) sodium phosphate solutions and

externally with 100 mM calcium chloride. Noting that no potassium was

present and that the sodium ion gradient was opposile to that found nor_ma:lly, -
these investigators concluded that thé./i-r data are inconsistent with the I.-Iodgkin—n
Huxley theory that initiaiion of an action poténtial is th-e cons equence of 2
membrane permeabilily increase '"specific" t.o sociium iions Fortunately,
the molecular model of the hexagonal subunit developed in the previous
section makes it possible to resolve this apparent discrepancy while still’
pr-escrving the essentials of the Hodgkin-Hu:-:lef theory. '

The use and meaning of the aforementioned word ' spec1£1c” will be
‘-It;_strictcd; the "potassium gale' of the axon or membrane w111 be 1de.m1f10d

~-~with the partially closed resting configuration of the hexagonal_subunlt (Fig. 4);



the "sodium gate' will be idcntifiud with ihe open confiouration In t}ié
1cstu'w configuration K (I O)z ions can Just aboul squee/e throucrh the 4.0 A
diameter pore of unordered water. Because of their concentralion gladlent
these ions will diffuse outwards until the negative resting potential, sufficient

to relard this diffusion, has been built up in the axon interior.

- . . 7 - ;
it .might be expect-c‘d that negative Cl~ ionms, unhyd-rated and onlér 3.6 1

in diameter {29}, would conlribute to the resiing potential by diffusing inwardly

{from their higli concentration outside the axon, Actually, r;mcler normal

circumstiances, inward diffusion of Cl ions cbr}tribti;:es little to the 1'est_ing

jaoten.tial (34). The probable Teas on- is that‘ the unordered wat:-::r pores of

the hexagonal subunlts in resting configuration are effectively plugged by

2
mchcate that the axon membrane pore for potassiwm ion diffusion is so narrow

K{H O) ions, Radiotracer diffusion expel iments by I;Iodcrl\m and Xeynes (37)
that these ions have to move through in single file, with an average of ~ 2.5
molecules able to fit in the pore at any one time., (Fig. 94, to be dlscussed
later, shows how this value yields a minimum pore length of ~ 22 Ein
reasonable agreement with the earlier estimale for the axial thlckness of

_the lipid ring of the hexagonal subunit. ) In order for a labeled K (H O)

to dlffuse through the membrane, it must first enter a 4 A pore, elf.her by £1111ng
a vacancy or by expelling an ion on the opposite 31c1e, i must then be hit

successively from the sarne side an average of 2.5 {irmes, with a foxce

sufficient to expel an ion on eack collisien, A Clp ion from the axon exterior
‘that enters a pa1 tially plugged pore has a diameter oo small to be wedged

- in like K(H 0)2 and will not be able to pass through to the interior by means
of a series of collisions, However, in the absence of K(¥ 0)2 ions, in the
aforcmentloned axon perfusion exper iments by Watanabe, Tasaki and Lerman
(36), these p01 es are unplugged and can permit inward diffusion of Cl~ ions
from an external CaClz solution to set up a normal appearing negative resiing
potential in the axon inlerior. During the aclion potential undes tbe.,e arti-
ficial conditions, thc ~ 8.4 & diameter unordered water pore of the mcmbrane
subunit, in open configuration, should permil either inward flow of Ca( 0)6
jons (chamctcx ~ 7.9 P) or outward {low of HZPO4 ions {diametey ~ 5,2 A_)

to depolarize the axon membrane., This analysis answers the objeclions

of Watanabes ct- al., (36) to the Hodgkin-Huxley theory and permits the nerve
“*impulsec to be .cxplaincd by the following ton chelation model of zllosteric

protein control of hexagonal subunits in the axon membrane.

16



Allosteric Protein Control of the Hexagonal Subunit Ton Gate

The striking reé;i-mlancc has been noted belween the arra.x.lgemcnt
of the cholestersl molecules of the hexagonal .subunit, Fig. 4, and that of ~
the Jeaves of a2 belween-the-lens shutter of 2 camera. In'both cases some
iype of mechanical drive is required to turn the leaves cooperatively in a
manner that opens and closes the central pore ox aperiure. An important.
" clue to the nature of this dr{vc in an axon plas.rna memmbrane is the pre~ |
..viously cited discovery by Mueller and Rudin (25) that the antibiotic, L
’ alamc.zth_j.gi_l_l_ a circuvlar polypeptide with the co;‘nposition (Gln) (Glu) {(Pro) (Gly)
f (Dimecthyl- Ala)S(Val)z(Leu)l, induces nerve-like electr 1ca/1 behavz.or when
. added 1o one side of a black lipid membrane (e. £ lecithin- decane- squalene)
separating two aqueous solutions. The a]amethlcm-treated membranes
exhibit increased cation conductance and action .potentials on electrical
stimulation. The steady state conductance 1ncre'mses as the sixth power o of

e e

both the alamethicin concentration and the cation concentratmn and also as

. — * .
the sixth power of the potential across the membrane (or the sixih power
of the posilive charge on the alamethicin side of the mcmbrane) These
data indicate that the reaction involved in development of the conductance

1s a highly cooperative phenomenon involving six alamethicin molecules and

e e —————

H six cations. Muellexr and Rudin (25} suggested that this phenomenon mlcrht
§f be allosteric in nature, involving intra-molecular chelate bond configurations, -
l‘ ! but were unzble to develop the concept much further. This concept will now

L be developed in texrms of the hexagonal subunit model. . - '

T T S B
Flg. 7A is 2 schematic scale drawma show11;1cr how six alamethlcm

molcculcs might be sdsorbed in symmetrical fashion on one side of an
'_hexagona.l subunit. (Not shown is protamine, which probably is also adsorbed
on the lipid ring in some manner.) In the partially closed resting configurétion,
an oxygen alom, 0O, of the glutamic acid side chain and two‘nitrogen atoms, N, -
of.the glutamine side chains of each alamethicin molecule are shown separa%:"éd
by surface tension {and, possibly, by electrical repulsion) forces that stretch
the polypeptlide ring into a flattened ovoid shape. Fig. 7B shows the allosteric

sees mtcrachon of six sodmm ions with the alamethicin-hexagonal subunit assembly

17
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chelation interaction of six Na(HZO);: ions with six alamethicin molecules

to effect an open ion-gate configuration.



Each sodium ion enters into a chelation co.mplcx that draws the N, O, N ‘
atorns together and ShOl tens the radial dimension of the alamethicin 1nolecu]c.
This chmcnsmnal chanrrc provides the mechanical drive that turns the cho-
lesterol "shulter leaves' and opens ihe ion gate; each alametbicin mplecule
controls the angular position of three cholesterol leaves. It appears
.possiblc that olher cations of comparable or even smaller size could sub-
stitule for sodium in forming a chelate coxﬁplex with alamethicin. In Fig. 7B

" each sodium ion is depiciec’! as a disk with a chciation or hydrogen bonding

" diameter of ~ 6.2 A which is somewhat less than thc~.?. 9 f van der Waals
width of Na(I-IZO)i. (Note, however, that the__h.ydrz'ttion number of the sodium
ion and hence its effective diameler may be altered by the chelation process.)

~" . In the case of an actual cellular plasma membrane, the molecule that

" provides the drive for the ion gate is probably much larger than alamethicin.
-'Mueller and colleagues (38, 39) have discovered a proteinaceous excitability
tinducing material (EIM) of cellular origin, that 10we'rs the electrical resis-
“f tance of black lipid membranes, develops resting membrane potentials in
.kionic gradients and produces nerve-like electrokinetic phenomena. EIM,
which is pres.ént in a variely of tissues, is consistént]yj liberated by cerlain
bacteria into either egg-while or syntllefic media, EIM, wlich has a nominal
_.molecular weight under 70, 000, apparently. requires protarnine to exert its -
'actién on black lipid membranés The protamine proba.bly helps stabilize

the hc},aﬁonal phc,.se in the membrane.
: ft-f Ml,:lurf el -
An elCCf.l on micrograph of a black lipid membrane w:d.h adsorbcd EIM

. -
is not yet avallable I—Iowevcr, a possible apprommatlon of the arrangement

oI the EIM molecules in an ion- gate is provided by high-resolulion electron

.micrograph by F elnandea-Molan and Ohtsuki (1} of bovine L- glutama.f:e

e

dehydrogenase (GDH) This enaymc has a molecular weight of 310, 000
corresponding to’an oligomer which may contain six identical subumts and
“six aclive sites (40). Figure 6C of reference 1 shows a c1rcula1 aggrerf te

of GDH containing more than six subunits but it appears that_each GDH .
“subunit might be ~ 30 A in diameter and that about six of the GDH subunit's

1~urround the cen{:ral v01d of thc aggregate to fou'n an oligomeric ring or rosette

~ 50 A i.d. and ~ 105 F‘. c0.d., that would just fit over the lipid ring of the
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[ plasma membrane hexagonal subunit shown in Fig. 4. Reccenl experimental

observalions {40) indicate allosteric cooperative interaction between the

subunits of the GDH oligomer. Such interaction would be consistent with a

posiulaied role of the oligomer as one specialized lype of mechanical drive
) Ram

{ of an hexagonal subunit of a nexve membrane. Interaction of the GDH

oligomer with glutamate and NAD coenzyme substirale could alloétcrically

open the hexagonal subunil causing a localiz ed depolarization of the membl ane;
release of product ¢ - ketoglutarate and NADH could close the subunit.

uch a transient electrical bchavior has been obselved (41) for ox braln_ ]
E;iack lipid films treated with GDH; addition of substrates causes a transient
decrease in mcmbrane irn.peda'ncc, vwhich effect can be demonstrated -
(1 epeatedly. This effect is of great mterest because of the role postulated
(42) for glutamate as an excitatoty transmitter substance in the mammalian
nervous system and because of the relationship, by decarboxylatlon, of

glutamate {0 gamma-aminobutyric acid, GABA, which appears to function

as an inhibitory transmitter substance. A similar effect was obtained (40)

with acetylcholine esterasc and acelylcholine, a known excilalory transmliter '

}substz}nce.

R Returning fo :EII\{, then, it migflt be éxpected to form an oligomeric

ring, (possibly with six subunils, and six aclive sites analogous to the GDH

". oligomer} which could acl as an allosteric drive for an ion gate in a plasma

membrane, in partlcuhr the nerve membrane. This aclion of EIM should

be similar to that of alamethicin deplcted in Fig. 7. A model of the axon
membrane with large numbers of EIM oligomers adsorbed on the interior
surface, over the I?Lpid rings of hexagonal subunits, is consistent with the

well known amplifying characlerisiics of the membrane. A stimulus that

opens only a_few hexagonal subunits to influx of Na(I-IE,.O)3 ions would be

suff1c1ent to trigger a change traversing the whole membrafie. These

Na(H O)+ ions would immediately intcract with EIM molecules of néigh’ooring‘

subunlts, opening the latter to influx of more Na(I—IzO\+ jions, et';:.,. thereby
seltling up the nerve impulse wave. ' ‘
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The Hexagonal Subunii Ion Gate in Sensory Recepiion

The extraofdi11;"Lri]y high amplificalion characteristic of membranes
‘of the nervous system is well illustrated by the fact that the dark adapled
hurmnan eye will detect a brief flash of light when only five.p'notons are
adsorbed by five rod cells (43), Evidently, only a single photon is gnough
- fo drigger the discharge of a dark adapled rod cell in the retina., From
the pioneci'ing research of Wald (44), Hubbard and Kropf (45}, it is known
that the primary action of a light photon on the visual pigment, rhodopsin,
. is to changd the configuration of the retinal chromophore from the bt_anf_f and

twisted 11-cis form to the straight all-trans form:

L 28 L2 ¢ ' ' _C. _C. Cx C
H,C” ‘“\‘?/C*C/C*"c’c““ A Hm c"C‘\‘? NN So
H,C. _CcHy P _Cy B Hzé\ _C-CH,

c | CH, C c ;

5y CHy 300 Pt

B, N 2

H O ) .
e . 11-cis r:é.tina—l‘- . "7 7 ali-trans retinal

This action triggers an allosteric conffgurational_ change 11.1 the ops-in structure
. exposing two-SH groups and one proton-binding group, perhaps imidazole.

i Ads.orption of a second photon by the all-trans retinal, while still attached

to the opsin, canre- isomerize the chromophore to the 1l-cis form, Te-
ver51ng the alloste;“c transformaltion and regenerating rhodopsm This
regeneration can also be accomplished by an isomerase that converts

detached all-trans retinal to the 11-cis isomer which then recomblnes )

w1th the opsin accordma to thc reaction scheme,

Rhodopsin

light o
isomerase
11-cis retinal + opsin ———— all-trans retinal 4 opsin
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Figr.- 8A shows how one rhodopsin molecule and aboutl five BEIM or

. '.EIM_likc molecules, adsorbed on the lipid ring, might act as an allosteric
shuiter release zlnd mechanical drive, respectivelys for a hexagonal ion gate
in the unit disk of a vertebrate pholoreceptor membrane, The gross-hatcbed
areas of the figure (i.e.. highly schematic cross-scctions of the control prolei
in the vicinity of ihe allosteric cfleclor sites). suggest the size and relalive
positio_z;a of thesc proteins with respect to the lipid ring. The EIM molecules
are pic’.:u:i'ed as bechaving like alamethicin molecules in their abilily fo form
reversible chelale complexes w1th Na (H O].'g In s0 doing,.the EIM molecules
undergo a cooperative allosteric transition that turns the underlying cholestiero
"shutter leaves''in an ancular mrectmn that increases the aperture of the
ion- c-onductlng unordered water pore, To effect this overall change, the
rhodopsm molecule nmust also undergo an analogous allosteric transition in

\ synchrony with the EIM molecules, However, this transiiion, and therefore

ithe opening of f;he ion gate, is blocked by the bent and twisted forrr_l of the

I l11l-cis retinal isomer, Adsorption of only one photon converts this chromo-
phore. to the straight all-trans isorner, thereby rermoving the ste;ric hindrance
“to the overall configurational change that opens the ion gate and tri 1ggel s the

electrical” actwlty of the retinal rod (F1g 8}3)

T It is. conceivable t;ha.t the receptor proteins involved in the other senses
Ernight 6per.ate in 2 manner analogous to ihat of rhodopsin, Instead of retinal,
for example, the touch receptdr protein mi.ght contain a pressurersensor

. molecule whose bent twisted shape (or high encrgy state) is stablllz,ed by 2
slight steric hmdrance among intramolecular groups. ‘A sllght pressure

il impulse could distuxb this delicate equilibrium, perm.lttlnn' the sensor
molecule to stlalghtcn out, thereby unlocking the ion gate. A second pressure

\ impulse or an enzyme could then restore the bent-twisted shalpe (or high

\cncrgy‘ state) of the pressure sensor molecule which would inta-aract with
the touch receptor prolein to return it to its original configuralion, The
spccific sound-, heal-, and cold-receptor proteins might also funclion in
a similar manner, Sound, in essence, is a cyclical pressure in-lpluse and

temperaturc differences are easily translaled into pressure differences

" by expansion-contraction, If is not 1mp11cd that all these sensory reccptor

e m s — o mmiameg

..-proleins arc identical; however, they may ‘have évolved from 2 common

protlotype :Lnd ‘could have many similar siructural features,
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Even the olfaclory sensory receplor prolein might cperate in a

.similar manner {o open and close an ion gate. Adsorplion inferaction betlween
an 0({01: molecule and a receptor site could resull in a preliminary allosleric
transition that would {rigger the main allosleric iransition involving the

‘pressure sensor molecule, Odor discrimination and identification seems
fo depend on an approximale stereochemical lock and key fit between the
reeeplor site and the odor molecule, The approximate size and shape of

- the olMaclory receptor siles for five ”prin-lary" odors have been characterized

by Amoore, Johnston and Rubin (46). Two additional "primary" odors l

pungent (e.g., formic acid @ ) and putria (e. g., hydrogen sulfide )

apparently interact with their specific receptor siles on the basis of charvel, ‘
not shap-e. However, In these cases {and possibly also in the others) dlrect
allosteric inleraclion belween the odox molecule and the receptor orotem
may suffice to release the hexagonal ion gate, wﬁhout mediation by the

hypothehcal pressurc sensor molecule.
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The Hexz-lgonal Subunit in Active 'Transport

The cxuymc qyctoln in cell memb*"x‘efr that tzansports Na{H 0}3
‘outwards and K(I-LZO) inwards is known as ”(N'x +‘< J-activated n'}"Past_"'
or morc simply as the "sodium pump.™ In the nerve axon, this pump is |
required to hold .th;: interior sodium ion concentration to about 10 per cent
that of the exterior flu:id;‘at the same time the interior potassium jon con-
.cenlration is maintained at a level 30-limes greater than in the exterior,

In the human erythrocyte, the energy of one ATP molecule, when Hydrolyz.ed
by the membranc ATPase, is sufficient to aclively transpori some 2-. 40,3
. potassiu;-h ions inwaxdly and 3.2 % 0.2 sodium ions outwardly (47). The

following model of the sodium pump is consistent with thi? stoichiometry.

Consider an oligmeric gr(;up .of four ox five EHVI—like x‘nc;lccul‘es and
one ATP-hydrolysis enzyme z-idsorbed on the interior of the axon membrane
on a lipid hc.;:agonal subunit in a manner analogous to that illustrated in Fig. 8
for the L:‘J]\Jiurllodopsizl system, ¥ig. 9 indicates the sequential configurational
changes in the unordered water p.ore as a resull of the allosteric interaction
of an ATP molecule with the hydrolysis enzyme. It w111 be recalled from the
earlier discussion that the Hodgkin-XKeynes radlotracel diffusion e},perlments
_'(3'?) yiclded a value of 2.5 for the average number of K(H 0)2 ions that
could {if in the pore in resting configuration; in Fig. 94 two of these ions
from thc axon exterior are shown in the pore, There is an electrical repulsion
force between these ions which, presumably, is counterbalanced by the adsorplion-
hydration interaction of the ions with the pore wall [1 e,l, the closely fitting
ordered water sheath surrounding the pore}, In P1g 9B, the adsmptlon of
" an ATP molecule by the hydrolysis enzyme and the chelation of Na.(H?‘O)3
"ions by the EIM-like molecules has triggered an allosieric configuralional
change, at the inner Jayer of the lipid ring, This change progressively opens
the pore in a manncr that loosens the adsorption-hydration interaction of the
pore wall with the two K(HZO); ions, thereby permitfing them 1o dif'fuse into
the axon interior. In 9C, the pore has opcned sufficiently to admit three.
Na(I-IZO)'; ions from the axon interior. Here again there probably exists
~mutual cleclrostatic repulsion beltween these hydrated sodium ions thatl is - —

countcrbalanced by adsorption-interaction with the clos ely fitting pore wall,
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Potassiuwm ions c:ntellncf the pore 1mmcdntely before this stage no longer
possoss this close fit and would be repelled by any sodium ion already in the -
pore. This would account for the sodium ion sclcctwli.y of the pore as it .
approaches its open configuralion, In 9D, hydrolysis of ATF by the enzyme
<has Iriggefed anadditiopal allosteric configurational change that progreséively
closes the pore. The closing process produces a peristaltic aclion by the
) pore wall that eventually cjects the Na(HEO)g ions,. In 9E, three K(HzO)-]z-
ions from the axon exterior are eniering the pore to restart the cycle,
3" The peristaltic actlon (and also the slight agymmetry) of tho p.ore
; arises from the factihat ihe cholesterol "shutter 1cav~c—a“s_gzlt the inner surface
‘ of the hexagonal subunit are not dlxcctly gcared to those at the outer surfa.ce '

When, for example, the innex leaves move coopcratlvely Yo decrease pore

aperture, there is a time delay before the forces of surface tension induce

" a similar motion in the ouler leaves., There is also a ti;rne délay involved in

_ reorganiz mg the ordered water sheath from the open to the clos ec'i configu-

' ration. These time delays are translated into peristaliic pulnpmcr aclion in

. the manner shown in Fig. 9. This type of pumping action by hexagonal sub-

. units 15 probably involved not only in the sodium pump but also in active
‘transport, in general, through plasma membranes, Spec1f1c membrane

" transport proteins, whose properties were recen.tly_re\rlewec.l by Pardee {48},
may be constituents of oli-gomeric rings of allosteric conirol proteins adsorbed
on lipid rings of hexagonal subunits. Each pr.oiein ring“would probably
contain an allosteriz:'substrate-recogniiion subunit (similar- to that postulated
earlicr for the clfactory recep.tor protein) and an hydro%ysis enzyme (hat
allosterically converis the energy of ATP (or other high energy molecule)
to a peristallic pumpmcr dclion, Formation 6f a reversible complex between
a substrate molecule and the recognition subunlt would trigger this pumping
aclion, which would continue until the substrate concentralion in the vicinity

of the pore decreases o a levcl that permiiied dlssoclatlon of the recounltlon

‘complex.
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The Plasma Membrane as an Arl ay of Hexagonal Subunits

; 1t was implic::l in" the pr‘cceding discussion that the hexagonal subunit
pailern is a basic charactcristllc of the entire cellular plasma membrane
rather il;ana specific fealure of lightintracellular juncticns as suggested by
previous investigalors. {17) {19) Past failure o resolve the hexagonal subunit
patlern in electron microscopic studies of non-junclional areas may be the

' result of a sensitivity of the membranc to the rather drastlic preparalive and
fixation procedures employed (e.g. treatment with deoxycholate). Also, the
staining characlerisiics of mucopolymer layers of the complex membrane
may obscure the fealures of the layer comp:_r'is ed of hexagonal subunits.

_A._case in -poin!: is Vibrio fetus whose negalively stained preparaiions,

when first studlcd by Ritchie, et. al., (49) (50) failed to show ev1dence of a

regular geomctl ic pattern in the cell envelopu viewed frontally. In cross-
section, however, the centripetal border marking the innermos! surface had

a finely scalloped appearance; -reminiscent of the Mauthner cell syn.apf,ic disk
studied by Robertson (16). To resolve this apparenl inconsistency, Ritchie
and Bryner (51) studied V. fetus cells that had been infected with ph‘ace As

a consequence of this infection or of an interaction with enzymes released by
pharre infected cells, part of the mucopolymer component of the cell wall was
removed 1-<3w.rca11nor a subunit siruciure. This is shown in the rathel remark-
able clectron micrographs, Figures 10-11, reproduced by courtesy of
Dr A. E. Ritchie. Figure 10 reveals an overall subunit structure in What

may be the Yskelcon' of V. fetus. Figure 11 shows a phosphotungstate stamecl

cell wall fragment with a hexagonal subumt array (center-to- center spacing

~ 90 A) comparable to thc previously descrlbed "paste-up' models of the
cellular membranes, Fxgulc 6. The experimental technique of Ritchie and
Bryner appears to have xesolved the unordered water pore region in the hexa-
gonal subunit as an electron-dense component in the center of a relatively
unstained annular sheath of ordered water. The postulated 11p1d rmg surround-
ing this shcath, however, is nol resolved presumably because it is govered

by a dar}dy stained layer of allosteric control protein or mucopolymer.

F1g 12 demonstrates the close c01rc5pondcnce between the hexagonal pattern

in the Vibrio fetus cell wall and the paste- up model of the cellular ‘merabrane

{Fig. 6B) reduced to the same scale,
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In view of these resulls, serious consideralion must be given {o
abandonment of the simple bimelecular leaflet "unit membrane' model in

favor of a hexaoonal subunit array concept of the cellular plasma membrane.
g : P :

The anthors are indebted to Dx. George Moe and Dr. G. Guter for
their encouragement of this research and to Mr. Peter Ragland for the

defailed art-work required {o develop the molecular models.
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CHARACTERIZATION OF ORDERED }‘fATIEZR

TINLIIYDROP HILIC MEMBRANE FORES

. ‘1 D, SCIIULTZ,, 5. K, A.SUNMAA G A, GUTER and.F E .LITTI\/IAN

From the Astr opower Laboratory, McDonnell Douglas Astronautzcs
Connpany/‘.‘fcstern D1v151on, Newport Beach, Cahfornla .92660

ABSTRACT Ordered waler, whose p.res-enc:e in biological memb?énes

is often posiulated, has been ch.aréc:ﬁ»_:.:rizcd_in cellulose acelate and
.l_v];').drous glass c;gcsalin'ation mglnbranés. ‘Above a certain critical
diameter, each membrance pore is lined with a ~ 22 A thick hydra-
tion sheath of hlrrhly hydrogen- bondec. water in whith salt is
essenhally insoluble. A pore with an ideal critical diameter of ~ 44 &
is almost entirely filled with ordered water whose avelave vis c:osﬂcy

-

is -0, 36 poise, almost 39 times greater than that of ordln_'_i__water

"at 23°C. The simple assumplion of approximate equality between

: hydra{ion sheath thickness and the average'dialneter of a "flickering
~c1uster permits a rate process calculatlon of the permentlon of

salt~free ordered walex thr oucrh an 1deal desalmatlon membrane in

:.good agreement with experlmental data. The aqueous cylinders in
the Luzzali-Husson liquid- crystallme hekavonal phase of a brain
phosph011p1c1 water system are mainly ordered water stabilized by
the polar ends of the pnosphohpld molecules. The insolubility of salt
in the ordered water indicales a high electrical res:zstlwty A new
model of Lhe cellular plasma mcmbrane, based 'on"these concepts,

. £ developed in 2 forthcoming paper- from this laboratory,

" INTRODUGTION T BT

The importance of organizéd Yordered" water as s-m integ;:ul qtructﬁrél
component of blolocrlcal membranes has been emphasized by Fernandez- _
Moran (1-5), repcatcdly, and by Hector (6). Nevertheless, the_ development
of the cencept {1) of a cellular membrane with sclectively permeable
_molecular pores lined with ordered water has, hel"etofore, been hind'ere‘d .

by a lack of accurate knowledge of the ultrastructure and properties of such

water. As ecarly as 1955, Jacobson (7) proposed that macromolecular



surfacds stabilize suri‘éundin_g waler into "attice-ordered hyd-ration shells,
“This structural change was ait’ribu’ced to hydr.ocren bonding, belween the water
lailice and cerfain hydrophilic aloms in the' macr 01’1‘1010(:1.113.1 surface., The
- shells or sheaths were consldcz ed to be ice-like in the sense that the ﬂlermal
‘vibrations in the lattice axe leduccd and that thc, dlsoraam/,atlon of thc: lattice,
‘is less than that in pure waler. }owever, the densily and other “thermo-
dynamic properties of the hydration sheaths were thought to resemble the
- properties of water more than ice. Unforlunately, Jacobson's theory was
pfemat'urc :and ran inlo considerable opposiiion because his experimenial.
.mcf.hod of estn'natlncr the thickness of the hydration "shcll” or sheath in
- contact with a2 macromolecule (N DNA) ylelded erroneous results (8).
- However, from neutron scatters ing exper iments {9) and stuches of water
. structure by l"lank and Wen (10) and Nemethy and Scheracra (11, 12) it is
.now possible to envisage ordinary bulk liguid water as bEIl’IC" made up of
"flickering clusters™ of about 50 to 100 molecules with an average llfetlme of
10*11 seconds. The s{ablhty of a cluster is the resull of 2 resonance effect .
in the highly hych ogen-bonded structure, The adsmptlon interaction of a
clusier wﬂ,h a polar or hydrogen bonding aroup in a macrom01ecu1a1 surface
should 1ncrease {this resonance effect, thereby 1ncreasmo‘ thé cluster size;
also the avcrace lifetime of a_cluster should increase to some value 'be’cween
that of ice (107 sec) and that of water- (10~ 1 sec), as measuled by the
reclprOc:al of the fraquency' for dielectric dispersion, If the surface density
of the polar hydrogen groups is sufficiently great, these adsorbed clu'sters
will 1ntera.c:t with each other resultmg in acldltlonal resonance, size, and
stablhty until an almost conunuously clus{.ered hydratlog sheath of apprec1ab1e

P

“thickness is formed. et LT L T AT

(RS P o P . A R

If this view is valid, it follo'“;s by .analocry with ‘the knc;wﬁ pl-opén.ties ) -_
of highly hydr ogen-bonded water clathrates and ice, that the solubility of
521t in the lattice: 0rde1 ¢d hydration sheath at 2 macromolecular or solid
interface should be vcr.y rauch lower than that in bulk water. (Supporting
evidence on this point, for silica and alurnina, has recently been reported (13},
The hydration sheath may, ther cfore be identified with the layer of demm-

~eralized waler (of thickness t ) that Sourirajan {14) postulated to be present
"at the interface of a porous desalination membrane, From Fig, 1 it is

readily seen that the thickness, t, of the hydration sheath is about half the
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sheath.at hydrophilic membrane interface and critical pore dlameter
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chhcal diameter (Zt) of a pore that will rr:_]cct 100% of salt {rom the Pl essurized
feed water. Because Sourirajan (14} lacked the necessary cxperimental data

on pore sizes in his cellulose acelate desalination membranes, he was unable
to evaluate t, but it is now possible to do this on the basis of the cellulose

cetat

N

ate subunit structure revealed by the cleciron microscopic studieg de— -
- . B s .
ib

,,_.

Y

T

e
ed in the following section. »

ELECTRON MICROSCOPIC STUDIES OF
CELLULOSE ACETATE MEMBRANES -

t

An wlirathin (~ 600 L) film of E‘.a.st_P:nan 398‘—-10l cc;li.ul<:;sc .;;;L.c'eté.te_'xéaé
prepared ona -gia-ss_ slide, by evaporation of a dilute acetone solution ac-cofding
‘to the nmt&iod of Carnell (‘15} as modified by Riley etal (16), The fresh fill-*n',
in place on the slide, was shadowed with 80:20 Pt-Pq alloy by vacuum evap-

..oration at a Jow andle of 7° to emphasize sma.ll surface delail. Aftexr deposnlon'
of a thin (~ 200 A) carbon layer over the sha.dow, the cellulose acetate was .
dissolved away with amyl acetate followed by acetone.-- A Hitachi HU-11 electron
microscope was u.?’_c_ad to obtain electron micrographs of the presha-dowed cgrbéﬁ‘
replica 2t 19,000 to 30,000 X. A two-stage printing procedure was used to
obiain reversed prlnts (165,000 X} in which the shadow ax eas without deposlted
metal appear as dark arcas with high photographic density and the Pt-Pd
1mp1norement aicas appear white to sunulate surface illumination by light a-t
a 7° angle, {"Up" on the final print is up oh the sarnple,) This print _
(Fig, 2) reveals a surface consisting of rounded subunlts linked together in =
an irregular closely packed array. Measurements of dlstance from shadow-

" edge to shadow-edge of adjacent subumts indicate an avel age subunit diameter
of about 188 h 23Kk The rod-like features malked a and b may mdlcaa.e -
mlcrocrystals of unaceiylaied or partially acetylated celluIOSe of the type

. observed by Battista and Srmth (17). ' ) '

LR . .-

Fig, 3 is a similar electron microrr.raph of‘a carbon ;eplica of the
smooth dense air-dried surface of a modified Loeb- SOurlrdJan type cellulose
acetate membrane, cathodically etched in an argon discharge to remove
organic contaminants and possibly low molecular weight —xmorphous cornponcnf:s
The membrane was prepared and annealed accor ding to Lhe nmthod of Ma.njlklan
“et al (18) from a castmc solulion consisting of 25 % cellulosc acetate (Eastman

"398-10), 30% formamide and 45% acclone, The clectron micrograph of the
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repllca, pl eshadowcd with P{-C at a 9° angle, resolves an a.rra)-r of randoﬁ‘xly
packed subunits which appcar as hemispheres, 180-190 i in diameter, similar
to those observed in the ultrathin membrane (Fig.- 2). Strll ingly similar
modes of random subunit packing have been s'howp by electron microscopy *

to be present in collodion f.ilm (19) and in a preparation (possibly ‘aftifactual]
of innermost rigid layer of the cell wall of E. coli Straln B (20). 'éi‘milar
'pac‘mng of folded-chain subunits in quenched cr ystalllzcd and annea.led PCLI' .
" bulk polymer has becn described (21). ' )

RATE PROCESS CALCULATION OF PERMEATION OF
~ ORDERED WATER THROUGH A CELLULOSE
kaETAT E DESALINATION MEMBRAN_E

'I‘01 luosity Factor, Effective Pore Radius,
and Surface Pore Density for Poiseunille Flow

o~

) __T‘he inte!r;stices between microcr ystalline sui).units in bulk polymer
: samples may conlain amorphous or low molecular weight material (21)
However, in the case of cellulose acetate desalmatlon membranes prepared
by ‘evaporation or precipitation from solution, the amorphous or low
mole_éfllar weighi fractions should remain<n the mother liquor. Therefore,
as a temporary wor};incr hypothesis; (to be resolved in a later section) it will -
‘be assumed that the interstices of these membranes are comparatlvely free
.‘of such material and form a system of inter connectmor channels, permitting

transport of or dergd water by viscous (i.e., P01seu1lle type) flow, For

the special case where the membrane pores have the 1dea1 critical diameter

!for desahnahon (I‘:Lg 1) this flow is given by the equa.tlon T K
& =
. e ‘'n_ T P r
{ * e - R - .. —'_-_~- * L . .‘:.'- - N .-.. - .- l
\ S v S IR

where J is the ordered waler permeation rate, ml/c.ﬁnz sec; npiis t.ime surface
pore density, pores/cmz; P is the driving pressure, dynes/cmz; rp is the
' e_f[ectigc pore radius, cm; 7 is the ordered waler average vi’écosity,
- clync-sec/cmz, (i.e., poise);’{:is the thickness of the active dcsali;mation

layer of the mernbrane, em; and 71 is a torlucsity factor indicating that the
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Figure 4.. Active desalination Jayer of cellulose acetate membrane
idealized as assembly of close packed 188 { diameter spheres.
Ordered water permeates through interstitial pores (A and B).



effective pore length is greater than the membrane thickness, The assumed
" pore sybtcm is nearly equivalent to the random nmSh of noncn cular, toriuous
and JnLeI‘COanuC{.ln“f pores whosc flow pr opcnlcr were analy/ed by Carman (??)

ana]ytacal treatment is equivalent Lo assigning a value of 2. 5 to the,
‘ ) Ly

i
. ioxiuoslty factor 71 in cgualion (1).

-

If 2 cellulose acctale membrane is approximated as afl asscr'mbly of
closoly' packed spheres 188 i in dnnuc.,e1 (Fm 4), a siznplcl calculation gives
94 (J3-7/2)=1430 1% for the cross section of a triangular shaped p01 e.
From this, a mean pome radius rp v 21,3 A m‘ny be estimated, However the
eﬁ'ectlve pore radius r¥, to be used.in eouatlon (1), will be a.pproxnnated as
less than 11:; by the thickness (2.8 &) of a monomsolecular layer ‘of water,
assumed to be Immobilized by adsorplion on the pore walll. Accordingly
E=0 85%10” lom RIS ' ' '

- The numbe1 n_ of surface pores pel sz of a cellulose acelale mem-

brane is estimaled as the 1emproca1 of the area of an equilateral triangle of

" gide cqual to the diameter of a subunlt Accor dmgly, PM 1/0. 433(1 88:x10"6)?

”"6 5 x 1011

2
p01es/crn .
- h‘-||‘

- T S - 'l

:~— - Note that a Loeb-Souri irajan cellulose acetate membrane, as cas’c has

an exir cmely hlgh water permeatmn rale and litile tendency to reject salt

Heat {reatment in water at 80.90° C, lowers the wa.ter permeatlon rate and
--dra,c:tlcally increases salt rejection, Lateral shrmkacre of only 11% in the
membrane plane” after 15 mmutes af; 87°¢c, 1ncreases salt leJectlon, from
<10% for the 'as cast" membrane P 95% (23)., It folllpws that twice the |
everage pcne ‘radius (1p-- 21.3 i) prevmuc;ly estimated from Figs. 2-4, should
be nearly equal lo the ideal critical pore dlametel, 2t, for desalination (Fig. 1)
On this basis, the'thickness of the laitice- ordered hydration layer at a cellﬁi;)se
acetale interface is estimated as t¥™1r ¥221.3 4. Accordingly, the inter-

stitial pores of the heat-treated membrane may be considered completely

filled with ordered water and equation (1) should be valid for calculation

of the flow rate.



!

; Clusler Size and Viscous Flow Aclivalion Encr gy of
THordered Water in a Ccllulosc Acelate Membrane Pore

in an average-size "flickering™

cl

" hydrogen-bonded cluster in bulk water, from the Nemeihy and Scheraga {11)

Yalues of the number of Inolccules n

znalysis, are plotted in Fig. 5 as a logarithrnic Tunction of a reciprodal
reduced absolule rtempcrature (T-150)°K. (This reduced tc:npgratu'i:e has
been shown by Miller (24) Lo be proporiional to the volume fraction of unbonded
water- molecules in the Nemcthy- Schmaaa analysis,) The Jacobson (7) concept
of lathce orderced water at a hydr op}nllc macromolecular interface will now
-be updatcd by approximating the average cluster diameter of water in the

- hydration sheath as equal to the sheath thickness . From the known volume

of a water molecule (29.9 A ) and from the value ¢z rP ‘*“-21 3 .ﬂ ., it is readlly
calculated that the numbeor of molecules n,in the average cluster of watex in

a cellulose acelate membrane pore is about 162 at room temperature (i.e.,

T = 296° K}). The lincax cktl&.POl&thh shown in Fig, 5 indicates that this
cluster size is equwalent to that in supexcooled water at a telnperai.ule

Pt = 255°K, In a restncted sense, ther efcre it might be imagined that the
) polar or hydrogen bondmfr groups in the membr ane pore wall lower the
effective temperalure of water molecules in the hydration layer to-T',

. Howcvm,' it will become evident from subsequent calculations that it is
“incorrect to assume that all of the viscous flow properties of the ordered
pore ~water {which after all, is at amblent ltemaperature) are 1dcnt1cal with
that oi’ water supcrcoolcd to 255° K. Nevertheless, the activation energy fo:c:
viscous flow of such superc—o_;—i—;d \'vater, calculated by the empirical relation-
ship of Miller (24), ) < ‘

. C . . .. . . -

i‘ i - RO 5 . - e )_ T".. .

.1_020[1*'/(1*',150)] cal/mole ST ey

AH

" turns out to be 6015 cal/mole in exccllent agreement with the asymptotic )
experimental value 5950 cal/molc rep01 ted by Keilin et al (24) for permeatlon

of water through a Locb Sourirajan type cellulose acetate dec;a.lmatmn membrane

01’ 53, 5% water content and 99, r% alt re_]ectlon capablllty

.IO
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;-;\’is cosily of Lattice—Ordercd Pore Watexr in Cellulose Acetate

: \
The Glasstonc Laidlexr-Eyring (26) rate process 11 eatment of Vlscous

e

flow of liguids yiclds the cquatlon

Iy

PRI S Fi/RT _nn L - b8 ‘zﬂ o b Hi—/RT ) ': )
1 =7y ¢ ‘\V ) ) N
where 7] is thc viscosily in poisec; }1 is Plan.ck s constant 6 62 x 107 -2 erg-sec;
1 .

N 1s Avorf E‘uo s number 6.02 x 10 mol_e 1V is the molar volume of the

Jiguid, cm /molc, AF' is the frec energy of ac;twatlon for the viscous flow
process; cal/mole; AS' is the cor respondlncr entr opy of activation, cal/mole-°K;

R is the gas constant 1. 99 cal/mole . ° K; T is the absolule tempelatul e, °K;

> ./

AH:L is the cnthalpy of aclivalion, cal/mole

‘A striking achievernent of the rate process theory of viscous ﬂow is

the 1mportant relatlonshlp -

\vhici} has been found to hold for n.ea.rly 100 nonmetallic substancés, -including
- water and other associa ted liquids, eve;n glycerol, and nonpf;l‘ar substances
such as hydi‘ocarbons This relatlonshlp should, therefore, be valid for
. Jatiice~ordered pore waler, for which Evaﬁp' the moluar energy for VEL-P(_)]...

{z_atlon, will be appr oxnnated by the equaiion

s — R P -_-a_

_Evang_w" Cw (IIHT__}/‘ . R .f]} T g -‘._(5)

wne1e E 15 th; latent cnccrgy of vaporizalion of bulk water at a‘mbie.'nt
tempel ature, calfmole C is the molar heat capacity of liquid water, c;tl/
‘mole .- °K; T'is the tempe1 ature (in °K) at which thc cluster size of bulk
water is the same as ’Ehat in pore water at the amblent temperature T, From
{5) it is estimatedi_that Evap—‘CQQOO + 18 (296-255} =10, 640 cal_/:rncile and
from (4} that AF 7= (10, 640/2. 45) == 4350 cal/mole. The relatiohship,
-A F' = 8H - T AS", gives A8 5,63 cal/mole * °K, Substitution of
thesc values into equation (3} yields a value of 0. 35 poise for the viscosily of
"“the lattice-order ¢d pore waler in a cellulose acetale mcmblane at 296°K,
. This viscosity is about 37 times greater than the value of 0. 00936 poz.se for

e e e ™

ordinary water al this temperature (i, c., 23°C).

12



Comparison. of Theoretical and Experimental Water Permeation
Rates Through Cellulosc Aceclale Desalination Membranes

.- ) - . - 0 ) : L
The compuled viscosily (0. 35 poise at 2967 K) of ordered walex in a
cellulose aceiate membrane. pore is now used to estimate the flux of water

{through the membrane. Substitution of this value, along with the other

' previously estimafed parameters, into equation (1) yields a water permeation

rate =9, 6 x 107 % ml/cmzj sec (i.e., 20 gallons /ftzlday) through a 2400 A

thick effective desalinalion layer subjected to a driving pressure of 1000 psi.

‘This theorelical value is in good agreement with the experimental value 22 gfd

‘obtained in this la.boratc;ry with a modificd heat treated Loeb-Sourirajen type

membrane (No, 52), for which the surface structure is shown in the eleciron
microgl‘aph, Fig, 3. (Salt rejection was 95%, afler 20 ilO'Lll‘S, for 1% NaCl

‘feed water.} This type of membrane consists of a very thin (~ 2500 A} dense

- layexr of cellulose acelale-over a porous sponge-like matrix that offers little

resislance lo salt and water fl_c;w (27, 28). The thickness of the dense layer,

and hence the water permeation rate, appears to be independent of the overall

membrane thickness (29). For this type mernbrane with sea water feed at

_296 K, subJected to 1500 p51 operatmrf pressure (1 e, , 1331 psi driving

..plessure afler cor rectmg for osmmotic pressure) a pelmcatlon rate of 27 gfd )

is calculated This rate I's in fair agr eernent \Vlth e published value (29)

~of 35 gfd 1n1t1a1 rate, dx oppmor to 21 gfd in 24 hours, pr esumably because

e et

. of matrix COI‘Ich.CLlOI’l

il

F01 1% NaCl feed at 296 K subJected to 1500 peu opelatmd pressure
(i.e,, 1381 psi drwmg pressure)- a rate of 28 gfd is calculated in reasonable
agrelcment with a published value (16) of 19.7 gfd for an ultrathin, 2400 &;
cellulose acetate membrane similar in type to that shown in Fig. 2. This
last rate corresponds to a 0.5 hour run in which 98% sall rejection was ‘
obtained and in which a 100 A" millipore filter :l—grpmt (dull surface in
contact with the membrane) may have reduced the water permeation to a

1Y
value somewhat below theoretical,
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RATE PROCESS CALCULATION OF WATER PERMEATION
" THROUGH A POROUS GILASS DESALINATION MEMPBRANE

Porosily and Desalination Characteristics
of Unfired Vycor-iype Glass

I‘n the prcvioue theoretical analysis of watler permeation through a
_ccllulosc acela Le mernbrane, it was assumed that the ~ 40 A diameter ’
pores between the rounded polymezic subu111L<- wclc wide open, not collapsed
“nor h]led with short molecular chains of ccllulosc aceiatc or debris, In )

. oxder Lo remove doubis about that assumption, 1L will be demonstrated that
the same theoretical analysis is valid for permea,ilon of water throudh a
desalination membrane of known open- p01e structur e, nalnely unfired

: Vycm. type gl'lss . ‘,/ .

Itis the cxperlence of this labox ‘ztory that the salt regectma capablllty
of Coz ning No 1930 porous glass membranes varies from’ lot to lot, suggestiing
-that certain pa rameters in their manufacture are nol well controlled, Kraus, .
et al, (30) worked with a lot in which the distribution of pore diameters pe'tked
narrowly at 53 4 and in which 95% of the pores had diameters between 36
‘and 56 A. This lot (which regccted only 5 to 10% of the salt fz om a 0, 03M
NaCl feed solution) had a surface area of only 133 m /g This lot seems lo
be sn‘nﬂal to the "early samples of unfired Vyc01 glass (surface area

' _121 m /g) described by Nordberg (31) who, noted, however, that thls porous

glass can also be obtc.mcd with a high sur face area qlwhtly above 200 m /g
and a 40 A average pore diameter, . ) ’
. S ]
About three years ac'o, the authors wox ked with Gorning No, ?930
porous glass capillaries (presumably of intermecdiate por051ty and surface
arca) whose walls rejected 50 to 65% of the sall from = 10, 000 ppm NaCl
feced solution, Fw 6 is a transmls sion electron’ mlcrocrraph of fradmcnf.s
of one oI these capillarics crushed betwcen two microscope slides.’ (Llcrht
' arcas in the clectron microgr aph indicate pores.) A sponge-like structure
wnh voids ranging in diameter from 30 to 100 & is observcd howcver
some channels connecting voids seem to be about 35 to 45 !! in dlaxnetcl
- Sall rejection probably cccurred at thesc ch'lnncls in accordancc with

the mcechanism dcplctcd in Fig. 1,

14
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Figure 6. Transmission electron micrograph of fragmez.lts
of Corning 7930 porous glass capillary {medium area lot).
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Morc recently, the authors worked \vlth unfired Vycor- type porous
glass Ca.pll}.al‘lcs (some from Corning and sorne from laboratory sour ces)
whose 0, 010" diameter walls are able to reject 85 to 97% of the salt in

10,000 ppm fesd water at a dll\'lng pressure ofﬁdﬂ-)nag;;’ﬁ’ i-:'rehnuna:y
electron microscopic data indicate that the glass of these capillarics/is
similar to Corning porous glass No, 7930 with the high surface area
(;’:a. 200 rnz/g) and narrow average pore diameler (_:93:__”{1_5__,&_); The exifé_nt
of salt rejection indicates that fhis diameter is nqar'ly the critical value
for desalination (Fig. 1). b ‘ o e o
Parallel Cylindrical Pore Model of a
Porous Glass Desalination Membrane

B To simplify subsequent calculations, an unfired Vycor membrane
will be approximated as a set of parallel cylindrical pores perpendicular
to the membrane plane, The follovﬁng set of physical constants for this

idealized membrane is reasonably consistent with the properties gi\;’e'n. by

the manufacturer+(31, 32) for Corning porous glass No, 7930 {high arca type).

Py, - membrane density {(dry) - .= 145 g-/ .émg
Py, = c;xensity of s_olid'portio'n - L 2. 18 g/c}:na_
n, = area dens?lty- of‘por'és- = ;2.:15 P4 1012 Po?es'/cmz-
ry = ;a've_rage-pore rédius. ._ _ ‘ z 22.3x 10 8. - ; -
s = 'si:)ec:i.fic surfa.c'e_area}_ . = 208 m /g - -

~. . .
_This set of physical constants is also consistent with the equatien for

specific surface area: €

S=2wr n_/ '_: R IR : 6
pp_.Pm < ‘,”
and for the membranc density
PITZL ”.(?'npﬁrp)Ps . '_-__- N < . . (7} ’
The value listed above for the average pore radius“rp is somewhat gr eaLer
tlnn derived by the manufacturer (31, 32) from nitrogen adsorption data.
.En that der wahgu, the 3.56 A depth of an adsorbed N2 monormolecular
layer was ignored. It scems reasonable thal some fraction of this thickness

{e.g., slightly more than half} should have been added to the manufactm:cr's

estimale of the average pore 1'adius.]
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{As in the pre\,"iOl}s calculation, for cellulose acelate membranes, it
will be assumed thal 2 monomolecular layer of water is immobilized by
adsorplion on the pore wall, so that the cffeclive pore radius r*, for
Poiscuille {low is less than rpby the diametler of a water molecule (i, e.,
r_;‘; =~ 22.3.2.8 £~ 1.95 %= '10‘"?cm}. However, the average water gluster
diameter, the critical pore radius for desalinaiion, and the thickness of the
ordered watex hyd;ration sheath will be estimated as beiné approximately equz;l'
to r_ 22 22.3 A. On this basis, the permeation rate of lattice-ordered water
through a high area tyi:e porous glass mecmbrane can be calculated in a manner
similar to that des cribed previémsly for cellulose acetate. This calculation

is sumln‘a;'ized by the following parameters: -

_ rp = t e 22,3 x'IOhS cm
n, ' T = 2. 15 x‘lovl?‘ pores/'cm
Cw -8
¥ = - - 19,5x 107
P o o R T '
. P ' ) = . ‘1500 % 6,89 x 104 dynes/crn (— 1500 p31
'1: ) o= .1 (requlred by cylindrical pa1 ailel pore
- I . approxlmatlon)
L e asax 10 e
.nc1 - | -.'_.._. . . -‘ .191 - . .
T T T= T 251%K
T g X = ’ = ‘_ . . 29601{ -

O
=
"

6, 300 -c‘a}./mole

o
fal
all

-1.0, 7-10 cal/n’lole o

4, 380 cal/mole

AF =

.53jF = 7 6.49 calfmole - UK

Dgbi - '- = 0. 37 poise (dyne-,-scc/cmz) 7

J.?.‘)é-OK- V = 1.3 x 1_0‘5 rol/em®/sec = 0..%8'§‘a110n/ft2/day

17



For a narrow tcmpératurc range around 296K, the theovetically calculated
.pcrmeatlon rate of the ordered water, for-1500 psi driving pressure throuwh
a 0. 010 inch thick high arca porous Vycor-iype glass mc:mbrane, is given
-by the Arrhenius type equation . o o
;{thcbry-=4=.zsx404 “6900[1{1‘ alfft ]day o .«' . {8}
This equatmn is plotted in logarithmic form m Fig, 7 aiong with
expemmenhl rate data (Table I).obtained in our laboratory. The WUl‘ecincnf:
between theoretical and -e3 perlmenhl values is within experimental acculacy,
\over a surprisingly broad temperature range, It seems, therefore, that the

chal acteristics ‘of ordel ed water in a porous glass desalination membrane are

;-very sirmilzar to those in a cellulose acetate desahnatlon membrane,
- - - ¥ ks . s

Ordc—:.l'ed Water in Cellular P]a,sm:a Membranes Do T 7 ) i

-

~,

- A biological membrane strtilctﬁrc;:;ﬁ?“ﬁothcsis that has gained wide
.accep’cance is the concept of the 'tunit membranc''s proposed by Robeitson ‘(53, 34),
which is pa.t‘terned after the earlier Gorter-Grendal (Bé) and Daniclli-Davson {36)
fpaucimolecular" plasma membrane models., The postulated 'unit membrane®
s_truéture consists of a bimolecular leaflet of phospholipids }';rhos-c non-polar -
portioné, mainly fatly acyl chains, are oriented inwardly perpendicular to the. _-
membrane plane and whose polar ends,‘ covered by protein and carbohydrate .
layers, form the internal and e:\Lernal sulfaces of the cell wall, This concept
has recently been the subject of detailed criticism by Korn {37} who holds that
. the unit membrane theor-y is not suppor{,ed by the data that led {o its formulatwn
One of the bulwarks of the theory is its ability to account for the high electl ical
I‘eSlStl\'lty of the cellula® membrane which according to Grundfest {38, 39) is
about 10 ohm-cm in 2 post-synaptic region of a nerve cell. Such high
resistivity has been attributed, in the past, to the essentially liguid hydro- '
carbon characler of the opposed f{atly acyl chains in the "unit membrane, ™
However, the ultrafiltration dala presented in the present paper show that
sall is cssentially insoluble in ordered water, presumably because its highly
hydrogen-bonded structure cannot accommodate ions, (For the s'amc reasons
sall can"be separated from brine by freezing.) This suggests that ordered

et

!
»water ina cellular membrane could have a high electrical resistivily

—— e e L Eiohbal v
e 9 e

capproaching the value 107-107 ohin-cm proposed {40) for pure ice: accor dmrrly-,
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Figure 7. Permeation rates of water through 0.010 inch
thick unfired Vycor-type porous glass membranes at 1500 psi.
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TABLE 1

EXPERIMENTAL PERMEATION RATES OF CRDERED WATER TH‘RO'UC_}H
0.010" POROU.S UNFIRED VYCOR-TYPE GLASS J\ﬁiEi\'IBRA’\UZS

,(Inﬁlal NaCl com,c:mrm.zon 1_(_}, OGG ppm, a“ap‘lxed ln essu;e 1500 1351:‘

- A

e

Glass Lot | T (°K) 1000/ T Flow (gfd) | Salt Rejection (%)
c-3 313 3.195 0.35 : -85
TT O 338 2,959 0.71 : 70 L
AG9-3 | 309 3.236 | . 0.32 /92
277 3,610 0.16 T 92
AG9-& | - 309 3.236 | 0.41 92.5
‘ 277 3.610 0.14 ~| 92.5
 Theory - | . 296 3,378 0.28 100%

FFor 1500 psi driving pressure, neglecting 119 psi osmotic pressure.

- — . - .
— - -

™, T " A
FooooAr

N-ote' The flow rates hsted in this table were obtamed wﬁ.h Ula.s" caplllarles .
whose wall thickness is an appreciable fraction of the overall dlameter
Accordmcly, the average diameter used to calculate effective mcmbrane
area 1§: the loganthmlc mean Dav :-(,Do -~ Di){/Z. 303 1og10 {DO/Di) where
DO and Di are the outer and inner‘diameter.s, respectively._ The wall
thickness for Astropower glass lots AG9-3 and AG9-4 was 0. 010".- For
ot C-3 from Corning Glass Works, the wall thickness was 0.015" and
" the actual experimental flow rate was 1ncreased by a factor of 1.5 to -

obtain the value listed in the table
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the bnnolccu]ar leaflet posiulate Tnay no 1onder be nece.,saly lo explain the

mslstwﬂy of the membrane, Tlus makes it po‘,sfble to envisage a plasma

membrane sf..ructi:re re.scmblmg the hexagonal liquid crystalline phase of

the brain phospholipid-waler syslem siudied by' Luzzall and Husson '(:ii} and

Stoeckenius {42). As depicfed in l"lg §, this phasc consists of watér cylinders

of indefinite length and-diameter cl " in coniacl W1th the polar ends of the

. lipid melecules, which suuoun_d cach cylinder. ¥From the knowledge

: ‘cquire_d in the present investigation, it is reas.ozlalclc to consider the water

in these cylinders to be in the ordered slate, stablhz.ed by the polar ends of

the lipid molecules.. Even if the diameter d of the water cyhnders we:rc as
large as 44 % in the hexagonal phase in a plasn'la membr ane, the membrane

resistivity could still be between 10 and 109 obm-cm. /A forthcoming

.uaper (43} from this laboratory dcvelops this mcmbranc concept further and

or ov1des clctalled models of the exquisite allosleric n‘xoleculal machmery ’

that opens and closes the membrane pores. These p01 es are considered to

e channcls of unordered water in the centel of the-oxdered water cyhnders )

of the hex*tcronal phase. The diameter (not to be. confused with d } of these .

unordered water channcls, in open confmuratlon, would ccnrespond to'the
equwalcnt pore® diameter measured for® var mus ce]ls by the solute penetratmn

'techmques of Solomon {4) and hlS school,

The authors are indebted to Dr George Moe £01 his encouragemcnt
of this work and to Mr Gclald Croopnlck for his a531stance in obtaining the

cxpcnmemal data. c
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Figure 8. Rough schematic diagram of the hexagonal liquid
crystalline phase of a phospholipid-water system, afler Luzzali
and Husson (41). The white areas represent cross-sections of
water cylinders of indefinite length; the dots and wiggly lines
represcnt polar ends and fatly acyl chains, respectively, of the

lipid molecules.
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High Resolution Electron Microscopy Applied to the Study
of Nerve Membranes, presented at the Neurosciences Regearch
Program Work session, February -9-11, 3969, M.I.T., Boston, .
Mass., by H. Fernandez-Moran, M.D., Ph D

N6 - 35140

Elucidation of the molecular organization of cell
membranes is a fundamental problem of biomedical research

and a ma jor challenge to further progress in molecular
blology. S ‘

General characteristics of membrane organization have
been formulated from correlated ultrastructural and
biochemical studies. These features include coherent
paucimolecular layers which extend laterally and indefinitely
and which appear to consist of a periodic hydrated
- lipoprotein substrate, integrated with abecific macromolecular
repeating subunits. These subunits are organized within the
plane of the layers in asymmetric "paracrystaliine’ arrays” (1).

S e

'The elementary particle of the mitochondrion (2) is
considered to be a prototype of these repeating subunits or
" macromolecular assemblies (3) found in association with
membranes of all types. . ]

.. e

Based on these ultrastructural and blochemical studles
(2,4,5), Changeux and his colleagues have stated the
- following aspects of membrane organization (6): 1) membranes
are made up by the associatién of repeating macromolecular
lipoprotein units, 2) the confqrmgtion of these unifs différg
when they are organized into a membrane structure or _-
dispersed in solution, and 3) many biological or artificial
lipoprotein membranes respond in vivo, as well as ;gfvitro,
~to the binding of specific ligands bﬁ some modification of
their propertles which reflects rearrangement of the'

-]l -
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membrene organization and presumably of the repeatling
units' conformation. )

Specific enzyﬁes or enzyme complexes are glso
associated in all membrane systems and are significant
in determining thelr structural and functional organization (1).

The detection of DNA in mltochondrla (7-11) and in
chloroplasts (12) has provided 1mportant leads to the
problem of membrane bilosynthesis.

" Qur research program includes the following related
problems of nerve membrane ultrastructure which are
parficularly suitable for correlated electron microscopie
investigations: 1) elucidation of multienzyme and other
macromolecular components closely assoclated #with cell
membranes for carrying out energy and 1nformat10n trans-
duction functions, 2) study of the 338001ation of
nucleic acids and the protein synthetic mdchinery with
cell membranes to gain a.better understanding of membrane
biosynthesis, including (al/etudy of DNA and RNA

conformations associated with membranes in chloroplasts,
_mitochondria, and in nerve cells, and (b) study of RNA
polymerase and its partlcipatlon in fhe dlfferentlal RNA
transcription upon DNA templates.

'High resclution electron microscopy and‘electron optics
have now progressed to a stage where they can contribute
eignificantly to these studles. 'Seﬁeral new approaches in
instrumentation and preparation techniques are responsible
for these advances which have resulted in-the attainment:
of point-to-point resolutions of 2-3A and which bring direct
readout of molecular structures closer to reality.
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" 1) Improved p01nt cathode sources w1th s1ng1e-

) crystal Ffilaments and a new type of molybdenum gun are
used to provide stable coherent microbeam illumination
of high brightness, small spot-size, and low energy
spread (13).- ' : -

2) High resolution phase contrast imaging is
carried out with zone plate apertures which are produced
by épecial microengraving methods (Figure la). When these
precise pﬁase contrast apertures were used, together
. with shart focal leﬁgth objective lenses, structures of
5-104 were resolved in unstained blologlcal molecules A
(Figure 1b)

"3) High voltage electron microscopy is particularly
promising fcr examining biclogical specimens because of
the increased penetration power, reduction in radiation
damagé,'and improved resolution. We obtained resolutions
of 3.6~6.0A in crystalline lattices and 4A point resolutions
" in 250-350A-thick biological specimens with our 200 kV
(Hitachi) microscope (Figures 5,6,7,8). High resolution
electron diffraction carriedxbut with the 200 kV microscope
resulted in 50 to 100 diffractions for blological specimens
(Figure 9), as compared‘ﬁith the typical 5 to 10 diffractions
obtained from lower voltage microscopes (Flgures 10,11).

L) fThe development of cryo-electron microscopes
. operating with high-field superconducting solenoid lenses
at liguid hellum temperatures represents'one of the most
significant advances (1l4a,b). The instrument provides
superstable ienses, ultrahigh vacuum, minimized specimen
damage, contamination; and thermal noise, and enhanced
image contrast. 1In earlier experiments, bilological
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:_speéiméns were recorded at 4.20K, revealing new electron
_;Qpﬁigal phenomena (Figure 2). B
5) So that we can continue this promisiﬁg superconducting
- work on a systematic and more practical basis, we have had
a closed cycle liguid helium refrigerator system specially
designed for our laboratories in collaboration with
Prof. Samuel Collins of A.D. Litﬁle{ Inc. The unit is
now adapted to our facilities and is the first installation
of its kind in the world (Figures 12,13,14). Prior to
sﬁipment; the system was tested out sgccessfully at 1.85°K
with 10 watts refrigeration capacity. When the Final
tests are completed at our labs, we will be able to work
continuously in the range of 1.85° to 2.0°K. '

6) We have now a unique opportunity to apﬁlj
simultaneously the advantages of Suberconducting microscopy
and ﬁigh voltage electron microscopy to bioclogical

~investigations. The new installatlons have provided us with_
the only existing high voltage electron microscope wilith
superconducting lenses oper%ying at closed-cycle liquid
helium temperatures (Figures 12,13,14). During preliminary
experiments with this facility, we discovered an anomalous
transparency. effect for 200,000 v@lt electrons in thick
(ca..1000~20004) lead and niobium films at liguid helium
temperatures (Figures 15,16). This remarkable effeét
extends previous observations by Boersch (15) and our own
group at 30~75 kV. It poses interesting theoretical and
experimental questicns, particularly\since it is coupled

" with a marked decrease in radiation damage in both organic
and inorganic specimens. -
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Tj With Superconducting electron microscopy cérniéd
“‘out on a regular practical basis, it should be possible
to-pursue Gabor's wavefront reconstruction microscopy
and high resolution holography (16), enhanced by the
superstability of superconducting lenses and coherent -
microbeam illumination. )

8) We are planning, in collaboration with
Dr. H. Trduble, correlated high véltage electron microscopic
studies of ion permeation in cell membranes and model
systems with cyclié¢ antibiotics (17).. Special vacuum-tight
microehambers for examining thin membranes in thelr natural
liguid state will also be used. )

_ These developments in electron microscopy and
electron optics described above offer us unprecedented
opportunity not only to tackle existing tangible problems,
but also to envisage their practical application to more
. speculative problems. )

For example, high resolution electronwopfical
Anformation storage and retrieval, involving demagnification
and recording oxr special thin film éubstrates, is
progressing whereby, potentially, the contents of several
million books could be Pecorded on a.single page and then
read out with a miniature electron microscope and television
display. By related electron optical technigues, integrated
circuits and computer elements of submicron sizes can
also be produced (Figure 3). )

In the optimal projection of these techniques, one
can foresee integrated ultramicroelectric circuits, near
the size of macromolecular assemblles, being incorporated
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" into key junctional sites of iiving nerve membranes without
:'causing serious perturbation. These "SubmiCPOSCDpi%
prosthetic sensors," whosé envelopes would be composed of
biosynthé%iéally produced protein coats so as to form
integral components of the nervous system, could be of
unique service. Because they could be produced in_lafge
number and inserted throughout the central nervous system,
the_éensors could effect a direct operational 1link at the
macromolecular level between the central nervous systenm
and man—maﬁe information processing systems, such as

computers of commensurate complexity (1).

Our_knowledée about nerve membranes Is but a _
harbinger of many as yet unknown and unexpected properties
‘of these basic cell constituents. Electron microscopy
in its broadest sense will undoubtedly play an important
role in this fascinating quest, since it represents the
wultimate direct extension of eye and hand into the
strange domaln of molecules and atoms. —_
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Figure 1:

Pigure 2:

Tist of Tllustrations

a.Electron Micrograph of zoneplate aperture for
high resolution phase contrast imaging, prepared
on thin carbon film by precision microengraving.
b.Phase contrgst EM of unstained asbestos

- filament (7.3A, 3.7A period) and ferritin molecule.

EM of catalase crystal recorded at 4.2°K in -
cryoelectron microscope with superconducting

" . objective lens. Contrast of lattice structure

Figure 3:

Figﬁre 4
Figure 5:
Rigure 6:
Figﬁre T
Figure 8:

Figure 9:

enhanced by anomalous electron transparency

‘observed at liquid helivm temperature.

EM of frog retinal rod unit disk with superimposed
ultramlnlaturlzﬁd integrated cilrcuit mask and text,
demagnified 1077x electron-optically on organometallic

" thin film substrate. Prepared in collaboration

With C. Hough. -
a.EM of diamond knife edge b,c.vultrathin sections

of native protein, catalase orystals prepared by cryo-
ultramicrotomy. _

High resolution 4-10A electron micrograph of thick
500A catalase crystal recorded with high voltage

HU 200 kV microscope. .

High ‘resolution 4-10& electron micrograph of thick
5004 catalase crystal recorded with high voltage
HU 200 kV microscope. .. )

High resolution 4-10A electron micrograph of thick
5008 catalase crystal recorded with high voltage

HU 200 kV microscope.

High resolution 4-10k electron micrograph of thick
500A catalase crystal recorded with high voltage
HU 200 kV microscope. .

Calibration high resolution electron niicrograph
and electron diffraction of copper phthalocyanine
crystalline lattice at 200 kV.
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List of Illustrations, Continued

-Figure 10: Calibration high resolution electron micrograph
) and electron diflraction of asbestos crystalline
lattice at 100 kV. . C

Figure 11: Calibration high resolution electron micrograph
and electron diffraction of catalase crystaliine
lattice at 100 kV

Figure 12: Diagram of equlpment location for closed cycle
superfluid ligquid helium refrigerator for
- superconducting high voltage electron microscope,
« University oi Chicago.

Figure 13: Special A.D.L. Collins liquifier for closed cycle
superfluid liquid helium refrigerator for
'superconductlﬂo high voltage cryoelectron
microscope, Unlver31ty of Chicago.

Figure 1h: High voltage 200 kV Hitachi HU-200E microscope
: 'w1bh specially d631gned ligwid helium specimen
- stage. ~T . .

Figure 15: Comparlson eWectron mlcvogwaphs of same specimen
area of thick (ca. 10004) lead film. Recorded
with 200 kV moditfied HU200E electron microscope
._With special liquid helium specimen staguoand
stablllzed power supply. Recorded at L.2°K left,
“and 290°K rlgnu, to show anomalous electron
transpafeqcy at low temperature. Thils unexpectedly
T large increase in pepetrabﬂon by high voltage electron
beam with considerazbly reduced radiation damage
at liquid helium temperature may prove to be of
importanée in the study of thick biologica1~3pecimens,
using stereoscopic methods. Electron microscopy
by M. Ohtsuki, Mag. 60,000x, photography by
C. Hough, C. Webew and G. Bow1e.,

Figure 16: Comparison electron d1f¢ract10n patterns of same
specimen area of thick (ca. 1000A) lead film,
recorded with 200. kV modified HUZ200E electron
microécope with special liguid helium specimen
stage and scablllzed power supply. Recorded at
L, 20K left, 2909 .right, by combined selected area

~ electron diffraction (1ow and wide angle pattern)
and electron microscopy to show ancmalous electron

'_Lran&parency at low temperature. Electron
microscopy by M. Ohtsuki.
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Electron Microscopy of a Hemagglutinin
from Limulus polyphemus
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LerTERs TO THE BDITOR

Electron Microscopy of a Hemagglutinin
from Limulus polyphemus

In a previous communication on. the electron microscopy of hemocyanins, we noted
that the hemolymph of Limulus polyphemus contained macromolecular components
which could not be identified (Ferndndez-Morén, van Bruggen & Ohtsuki, 1966).
The components had a ring structure with a diameter of about 100 A, and the height
of the molecules was tentatively estimated to be 65 A. These features were sufficient
to differentiate the ring-shaped molecules from hemocyanins, and the possibility
was raised that the rings might represent another kind of protein in the hemolymph.

Biochemical studies (Marchalonis & Edelman, 1968) have shown that approxi-
. mately 5%, of the hemolymph protein is & hemagglutinin with a molecular weight of
about 400,000 and a subunit structure. In this report we farnish electron microscopic
evidence that the ring structutes previously observed correspond to Zimulus
hemagglutinin, and we present additional desails of its structure.

These studies were designed to provide optimum econditions for consistent attain-
ment of high resolution. The microscopes were provided with a highly regulated
power supply (50 kw motor generator set, equipped with a new solid-state regulator
giving better than 0-19, voltage stability and very low harmonic distortion).

A Siemens Elmiskop I and Elmiskop TA, and & Hitachi 11B microscope were used,
operating mainly at 75, 80 and 100.kv. -

All microscopes were provided with improved pointed filaments (Fernindez-
Mordn, 1960) of single-crystal tungsten with a tip radius of 1 te 10 g, in speeial gans
of the thin-film molybdenum eap type (Fernindez-Mordn, 1966).

Tor high-resolution studies, the measured astigmatism of the objective lens was
0-05 . or less. One of the electron microscopes was provided with a separate, specially
regulated power supply with reduced ripple for the short focal length objective lens,
with improved econtrols permitting recording of through-focal series in steps of
30 to 100 A.

All of the high-resolution mierographs were recorded using liquid-nitrogen cold
stages and anticontamination devices. A combination of low-intensity microbeam
illumination and controlled specimen cooling {— 80 to —180°C) was found to be very
useful for the study of delicate structures of the hemagglutinin molecules.

Llectron micrographs were recorded on Ilford N40, and on Kodak High Definition
70 mm films on & thin polyester base. Calibration of the microscope was carried out
using a diffraction grating replica (2160 lines/mm) and the crystaliine Iattice planes
of the chrysotile filaments added to the specimen. Measurements were carried out
directly on the plates and films using an optical comparator (Nikon Shadowgraph
model 6C).

Specimens of hemagglutinin were purified as previously described (Marchalonis &
Edelman, 1968). The protein was dissolved in Tris buffer, 0-05 a1, pH 8:0, which was
0-15 a1 in NaCl and 0:01 21 in CaCl,. A droplet of the hemagglutinin solution, diluted
to a protein concentration of 25 to 100 xg was placed on the specimen grid. For

30 467
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negative and positive staining, 05 and 19, solutions of phogphotungatic acid, boro-
tungstic acid (neutralized with KOH or NaOH +o pH 7-2), and of unbuffered uranyl
formate were used (Fernindez-Mordn e¢f al., 1966). In some cases, the sample was
fixed in 1-59, glutaraldehyde before staining. Microdroplet cross-spraying technigues
were also vsed to obtain controlled, brief interactions of specimen mierodroplets with
microdroplets of 1 to 29, potassium phosphotungstate (pH 7-2), uranyl formate, or
other heavy-metal solutions (Fernandez-Mordn, 1962; Ferndndez-Morin, Teed,
Koike & Wilms, 1964).

Ultrathin carbon films were prepared by evaporation on to freshly cleaved micainan
ultrahigh vacuum (Ferndndez-Moran ef al., 1966). In some cases, fenestrated films
were used without any supporting film (Huxley & Zubay, 1960; Fernindez-Mordn,
1962). A useful variant of this procedure consists in bridging the holes of the fenes-
trated film with suitably dispersed ultrathin filaments of asbestos (chrysotile) prior
to deposition of the negative-staining film. The asbestos fibers act as reinforcing
structures to bridge the Jarger holes, and an extremely thin film of the negative
stain is frequently found wedged between the hole contours and the ashestos fiber.
The fibers exhibit s characteristic periodic lattice parallel to the long axis with
periods of 7-3 and 3-65 A and they serve as an internal calibration standard.

Very uniform ring.shaped structures with a diameter of about 100 A were observed
throughout all areas of the different types of preparations (Plates I and IT). This type
of structure was the only cne encountered. Each particle had a well-defined central
dense eore which was 20 to 40 A in diameter, and close examination of single molecules
suggested that they had a hexagonal shape. Blongated structures of 450 A % 100 A
which were occasionally seen (Plate III(a)) probably correspond to a side view of a
sback of 100 A rings. From a periodicity with a spacing of about 65 A, the height of
individual molecules may be tentatively estimated as 65 A (Plate IIT{d), arrow).

A comparison of the electron micrographs of Limulus hemolymph and of purified
hemagglutinin (Plates I and ITI} suggests that the ring structures previously observed
in hemolymph are hemagglubinin molecules. About three to ten per 100 molecules in
the hemolymph pictures were 100 A rings. This proportion is consistent with the
estimate that about 59, of the hemolymph protein is hemagglutinin (Marchalonis &
Edelman, 1968).

Additional structural details could be resolved by means of the improved prepara-
tion technigues and instrumentation. Thus, as shown in Plates I to ITT, the individual
flat, disc-shaped molecules about 65 A thiclk can be stained and embedded without
any further support in ultrathin (50 to 100 A) layers of uranyl formate extending over
the small holes of fenestrated carben films, In contrast to spherical virus particles
and related specimens which can be several hundred Angstrom units thick, the
hemagglutinin specimens have a total thickness in the order of 50 to 150 A. This
provides ideal conditions for high-resolution phase-contrast imaging, particularly
when short focal length objective lenses are used to record through-foeus series in
focal steps of 10 to 100 A.

In specimens stained without prior fixation (Plates I(a), (b) and III(b)) and after
glutaraldehyde fixation (Plates II and ITI{d), {e)), the central dense core can be
further resolved into an axial cavity, about 15 to 20 A in diameter, lined by an electron- .
dense annular region, about 40 to 45 A in diameter. This core is swrrounded by o
doughnut-shaped lighter shell which gives the particles their typical polygonal or
hexagonal shape. Average diameters of 100 to 110 A were measured, but rather wide



Prate 1. (a) Hemolymph of Limulus polyphemus stained with uranyl acetate showing, in addi-
tion to hemocyanin molecules, typical ring structures about 100 A in diameter.
gglutinin isolated from Limulus polyphemus stained with uranyl formate showing
A particles with the same kind of ring strueture. X 550,000.
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variations in size and shape could be detected in certain regions. Although the size
and shape of the dense core appear to be relatively constant, the shell can be con-
siderably stretched out and distorted. This is particularly noticeable in central areas
of the thin films (Plates IT and IIl(c), (d)) where the molecules embedded in the
tenuous layers may be subjected to varying degrees of stretching in different directions.

One of the most striking features of the electron micrographs is the uniformity of
the preparations. This homogeneity and the internal standard provided by the
periodic asbestos spacing give confidence in assigning the over-all dimensions of the
hemagglutinin, Although the detailed shape of the rings is not completely certain, the
6-fold symmetry with a hexagonal outline seen in some cases is consistent with the
proposed structure based on hydrodynamic studies, which consists of six units each
composed of three subunits (Marchalonis & Edelman, 1968). In some of the pictures
(Plates IT and IIT) details of subunit structure may be seen, although at this stage of
the investigation the exact number and shape of the subunits have not been deter-
mined from the electron micrographs.

Because of the uniformity of the hemagglutinin preparations and the availability
of increased resolution, it is now feasible to attempt structural analysis of the subunits
of this protein. In addition, the mode of attachment of the hemagglutinin to red cell
membranes should be amenable to study by combined biochemical and electron
microscopic techniques.

Further work along these lines is currently in progress, and the results will be de-
scribed in later papers.

We are indebted to Miss R. Keane for technical assistance, to Messrs C. L.. Hough,
C. Weber, and Miss J. Hill for expert assistance with photographic reproductions, and to
Miss J. Hopkins for help in preparing the manuseript. Sincere thanks are also due to
Hengo Haljamiie for his valuable assistance and suggestions in the course of this work.
We gratefully acknowledge stimulating discussions with Dr F. O. Schmitt and his col-
leagues of the Neurosciences Research Program, which provided a stimulating background
for these correlative studies.
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Toward The Center Of Life

Advances in instrumentation and technique are opening new pathways
to the study of biological ultrastructure and future ‘genetic surgery’

by Humberto Fernandez-Moran, M.D., Ph.D., Professor of Biophysics, University of Chicago

The electron microscopist, may soon begin to manip-
ulate his magnified world of atoms and molecules.

He may someday be able to alter the molecules that
determine man’s genetic makeup and correct molecular
defects. He can also use the device like an inverted
telescope to condense massive libraries onto a single
page, or print electronic circuits the size of red blood
cells to transmit information from within the human
body.

The optical microscope, which extends the principle
of sight, has been developed to a point where it can
magnify an object only up to 2,000 times, and at the
same time resolve features on it 2,000 angstroms (A)
apart. (One A equals 1/100,000,000 centimeter, or
about the diameter of an atom.) This limitation is due
to the nature of light and distortions inherent in lenses.
The problem is that it is impossible to resolve points
on an object that are closer together than the length
of the wave that is carrying the image.

Magnify one million times

The unique properties of electrons (they are both
electrically charged particles and waves) permit them
to be focused like light. But, because electron waves
are several hundred thousand times shorter than light
waves, they can resolve much smaller objects. Today’s

THE CRYO-ELECTRON
microscope, devel-
oped by the author,
promises even further
improvement in res-
olution as seen in
this photomicrograph
which shows the lat-
tice structure of the
enzyme, catalase.

°Adapted from Science Year, The World Science Annual, C 1968 Field
Enterprises Educational Corp.

electron microscopes can, in practice, resolve points
on an object only 5A apart, while magnifying the ob-
ject as much as 1 million times.

Furthermore, the illumination of the electron micro-
scope can be varied from a few to several million elec-
tron volts, and the lenses can be focused over a wide
range.

This versatility promises to let us look even further
into the world of atoms and molecules. To push back
the frontier, however, we must make improvements in
three major areas: (1) The environment of operation,
(2) our instruments, and (3) our preparation teeh-
niques.

Because electron microscopes are extremely delicate
they are adversely affected by many external factors,
such as electromagnetic interference, vibration and
contamination. We have gone to great lengths to mini-
mize these factors at our nine-microscope laboratory
at the University of Chicago. For example, to reduce
electro-magnetic disturbances, we use incandescent
rather than fluorescent lights. Also, all the electrical
wiring is shielded in grounded conduits behind the
walls. Even the ventilator ducts are made of non-
magnetic stainless steel.

To eliminate vibration, we mount the microscopes
on individual concrete blocks that sit on springs in the
floor and are insulated by shock pads. The contamina-
tion problem is met by having as dirtfree a laboratory
as possible.

Improving instrumentation

To improve the electron microscope itself, we must
start with the elimination of lens fluctuation. All elec-
tronic systems are subject to thermal noise caused by
hot electrons moving through the circuits. In an elec-
tron microscope, this noise causes variations in the
focusing of the lenses.

One way to solve this problem is to place the wind-
ings of the electromagnetic lenses in a very cold en-
vironment: That of liquid helium. At about 4.2°C
above absolute zero, the current goes into a state of
superconduction; that is, the power may be turned off
and the current will continue to flow without meeting
electrical resistance. This sustains a very constant mag-
netic field.

Another avenue of instrument improvement is the
development of high-voltage microscopes. Electrons
are absorbed by very thin layers of matter. Therefore,
specimen tissues must be sliced thin enough (from 50
to 100A) so that most electrons can pass through them.
Living systems, such as bacteria, are much thicker than



this, and viewing them requires the more energetic
high-voltage electrons.

The primary advantage, however, lies in better
resolution. As the voltage in increased, the wave length
of the electrons becomes smaller. High voltage micro-
scopes now being developed provide resolution ap-
proaching 1A.

Another goal in our technology is the improvement
of the electron beam itself. We would prefer a beam
that is coherent — all the electron waves traveling in
step with each other, like an army on parade. This
would not only improve the resolution, but used in
conjunction with superconducting lenses, would also
make possible the technology of high resolution hol-
ography.

With the invention of the laser, it became possible to
make holograms using visible light. This device pro-
vides a coherent beam of light necessary for the suc-
cessful imaging and reconstructing of realistic three
dimensional scenes. In the electron microscope, holog-
raphy will reveal interatomic distances and show us
structures in three dimensions. This application, how-
ever, must await the development of laser-like devices
that will provide a coherent electron beam.

Study biological ultrastructure

Our primary concern at the University of Chicago is
the development of improved instrumentation and prep-
aration techniques for high resolution electron micro-
scopy and the study of biological ultrastructure. In addi-
tion to the successful application of superconducting
electron microscopy, high voltage electron microscopy,
which we now have access to, appears to be a very
promising approach in this field.

We have just installed a 200 kV electron microscope
built to our specifications. This instrument, which we
believe is the first of its kind to be used for biological
work in this country, has been installed in a special
room with minimum magnetic, electrical and mechan-
ical perturbations and provided with a highly regulated
main power supply.

Operating under these optimum conditions, we have
succeeded during the past few weeks in consistently ob-
taining resolutions of 3.6°A to 6°A in crystalline lat-
tices, and of about 4°A point-to-point resolutions in
thick (about 250°A to 350°A) biological specimens.
We believe that this represents the highest resolution
yet achieved at 200 kV.

The combination of greater penetrating power, re-
duced radiation damage, and high resolution demon-
strated in the 200 kV electron microscope should prove
to be of key value in the study of biological specimens
under conditions approaching the living state. Within a
few weeks, we hope to be able to operate the 200 kV
scope at liquid helium and liquid nitrogen tempera-
tures.

An interesting variation on conventional electronic
microscopes is being developed by Albert Crewe, work-
ing with another group here at the University of Chi-
cago. In this microscope, a highly concentrated electron
beam is focused before reaching the specimen, and is
then scanned across it.

The electrons that pass through the specimen are
collected and compared with those that are scattered.
The energy lost by the traversing electrons can be used

Viruses Molecules Single atoms
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RESOLUTION OF POINTS on an object is proportional to the wave
length of the illuminating source. The best optical microscopes, re-
solving points 4,000 to 8,000 angstroms (A) apart, permit the viewing
of bacteria. Conventional electron microscopes can show viruses in
the 100 to 1,000 A range or groups of molecules at from 5 to 10
A. The special features of field-ion microscopes may provide a reso-
lution of 1 A, or the diameter of a single atom.

to identify the specimen. Thus the scanning electron
microscope will be able to analyze a material while
simultaneously observing its atoms and molecules. And
because the electron beam examines a smaller portion
of a specimen at a time, it has a potential for much im-
proved resolution.

The diamond knife

Sharing importance with advances in the electron
microscope are improvements in the techniques for
preparing specimens. One of the most spectacular de-
velopments in this area has been a system for precisely
slicing specimens into ultrathin sections. This system
consists of a diamond knife operating in an evacuated
microtome. It can be operated at very low temperatures
in order to keep rearrangement of the molecules in bio-
logical specimens to a minimum.

Also needed in this preparation system was a way to
hold the specimens after they were sliced. We devised a
protective chamber in which the specimens are sealed
between layers of ultra-thin graphite film through which
electrons can freely pass.
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One result of the improvements is the ability to make
quantitative predictions about the behavior of biological
matter. The ability to predict in the biological world
will have important consequences. Until recently, for
example, we knew relatively little about the nature of
deoxyribonucleic acid (DNA), the substance that con-
tains all the data needed to program the construction of
a man from his brain to his toenails.

Although it is one of the largest molecules, DNA
still is extremely small. A human being contains ap-
proximately 50 trillion cells, each of which contains 46
chromosomes. These chromosomes, in turn, have more
than 1,000 genes, each containing vast numbers of mi-
nute DNA ribbons. With the electron microscope we

CLOSED STRAND of
virus DNA (top) can
be seen in an elec-
tron microscope.
After reaction with
nucleotides and an
RNA polymerase,
varying width fila-
ments are formed
(middle). With the
diamond knife, large
biological molecules
can be cut into via-
ble segments, such
as the section of
virus DNA shown
(bottom).

are beginning to be able to view this programming phe-
nomenon, including the transfer of information from
DNA to the building centers of the cells by ribonucleic
acid (RNA).

Visible atoms

Our primary goal, however, is to view the structure
of molecules directly. This means entering the domain
of 1 to 2A. In some materials we can alrcady sce the
atoms in the crystalline lattice arranged to make up the
incredibly complex organic molecules. We have also
been able to observe cell membranes. For example, in
the subunit structure of myelin, a substance that forms
part of the nerve fiber, we have actually watched cells
in the process of rearranging their molecular structure.

Because the diamond knife can cut specimens as thin
as 50A, we can now do chemistry by cutting. We can
cut up a starch molecule in such a way that it becomes
sugar. We can slice a virus in half. It may even be
possible to correct genetic errors.

For example, we can examine the DNA ribbon in the
gene causing hemophilia. It may be possible to edit this
ribbon — actually cut into the nucleotides and rear-
range them in proper order. The edited DNA could then
be copied in great numbers and inserted in a female
ovum to crowd out the faulty genes. Since the genetic
likelihood of a disease such as hemophilia is relatively
easy to predict, this technique could, in a few genera-
tions, eliminate the disease. O

Reprinted from Laboratory Management January, 1969
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Microscopists are
working toward broad
new applications in the
study of human
perception and
development of

prosthetic sensors

THE RETINAL ROD unit disk of a frog is shown in this el

ectron micrograph. Superimposed on

the disk is an ultraminiaturized integrated circuit mask and text, demagnified 10— %x electron-

optically on organometallic thin film substrate. It measures about é microns across. The above
was prepared by the author in collaboration with C. Hough.

Big Future For Demagnification

By Humberto Fernandez-Moran, M.D., Ph.D., Professor of Biophysics, University of Chicago

he use of the electron micro-
scope in reverse — to demag-

nify — offers many fascinating pos-
sibilities to the biomedical scientist.

One is the storage and retrieval
of information. Using grainless film
developed in our laboratory, we can
photographically reduce pages, such
as the one you are reading, to an
almost invisible dot.

Letters on such a page are only
about 100 atoms high. With the
electron microscope, the entire col-
lection of the Library of Congress
could be reduced to a single sheet,
8 inches by 10 inches, transferred
to micro-tape, and later displayed,
page by page, on a television screen.

Further development of the elec-
tron microscope’s potential in this
direction could lead to its use in
miniaturized computers. By printing
electronic circuits on film and re-
ducing them in the same way pages

®Adapted from Science Year, The
World Science Annual. © 1968 Field
Enterprises Educational Corp.

of type are reduced, we could pro-
vide more compact, and thus more
efficient computers.

Unlocking the brain

The microscope may also teach
us how to duplicate our own ultra-
miniaturized molecular information
storage system — the memory por-
tion of the brain.

The packing density of our brain
— the number of working elements
in a given volume — is 10 to 100
billion elements per cubic inch.
Packing densities of present com-
puter components range up to 1 mil-
lion elements per cubic inch. By im-
proving this density with electron
microscopy techniques, we would,
among other things, greatly enhance
the speed of retrieving information.

Holography with the electron
microscope may also help explain
the memory apparatus of the human
brain. Our ability to summon words,
sentences, and other behavioral se-
quences from our experiences seems
to be a random and nonlocalized

process. We believe that human
memory banks are highly repetitive
— all the data being stored in every
portion of the brain.

The retrieving mechanism may
act somewhat like a reverse of ho-
lography in which the illuminating
laser beam is matched to a holo-
gram to produce the reference beam.
One application for visible light
holography envisions rapidly pass-
ing an enormous file of fingerprints,
stored on microfilm, past an illumi-
nating beam that is shining through
a hologram of the fingerprint being
sought. When the hologram matches
the print on file, the reference beam
flashes.

If we could demonstrate that the
brain uses a similar system to sum-
mon our thoughts, we would begin
to understand the phenomena of
perception. Also, we could experi-
ment with the cells or cell clusters
responsible for storing sensory in-
formation.

A fascinating application for ul-
trareduced printed circuits could be




as a prosthetic sensor. Placed on a
red blood cell, it could then transmit
information from within the body.

We have already successfully
placed an amplifier circuit on a ret-
inal rod — that portion of the eye
that reacts to faint light. Such de-
vices, only 6 microns across, could
be produced in large quantities and
incorporated at key sites of the body
where, for example, they could mon-
itor the operation of the nervous
system. They would, of course,
have to have biosynthetically pro-
duced protein coats so they would
not be rejected by the immune re-
sponses of the body.

Neurological sensors

Using the natural electricity in the
body for power, these sensors would
transmit neurological electric im-
pulses similar to those recorded by
an electroencephalogram. But they
would be transmitted by radio, elim-
inating the need for physical attach-
ments to the body, and permitting
the patient to be monitored as he
goes about his affairs.

The electron microscope even
has a potential for gaining informa-

Reprinted from Laboratory Management

tion about the structure and organi-
zation of space, which like life it-
self, is written in the atoms.

Atoms throughout the universe
obey the same laws, and interstellar
dust is only a few hundred atoms in
diameter. Thus, much of what we
will someday find in space will make
sense only if we can examine it at
the submicroscopic level. The elec-
tron microscope may become the
primary tool with which we will de-
fine matter far beyond our present
concept.

The members of our laboratory
range widely in disciplines, covering
both the physical and biological sci-
ences. Our ability to see things that
no one has seen before and to think
about them in a way no one has
thought about them, will depend on
extending this range of disciplines.

This marvelous instrument has
begun to show us how intimately
man is linked to the domain of
atoms and how minute matter in
the universe influences his destiny.
New concepts in this technology will
someday permit us not only to pre-
dict, but also to design life at the
molecular level. O
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The electron microscope even has a potential for gaining informa-
tion about the structure and organization of space which, like life it-
self, is written in the atoms. Atoms throughout the universe obey the
same laws, and interstellar dust is only a few hundred atoms in diam-
eter. Thus, much of what we will someday find in space will make
sense only if we can examine it at the submicroscopic level. The
electron microscope may become the primary tool with which we will
define matter far beyond our present concept.

Beginning with Max Knoll and Ernest Ruska in Germany during
the 1930s, the development of the electron microscope has been an
international achievement. Major advances were made by Francis
O. Schmidt and Cecil Hall at Massachusetts Institute of Technology
and a Rockefeller University group under the direction of Keith
Porter and George Palade. High-voltage instruments were pioneered
in France and Japan, and Gabor’s work in England, of course, re-
sulted in holography. In our University of Chicago laboratory, we
have scientists and technicians from throughout the world, including
Cuba, Italy, Japan, South America, and Sweden. I feel strongly that
these observatories should continue to have an international charac-
ter. When a science acquires the unique capabilities we are approach-
ing with the electron microscope, it should not be held the property
of one or a group of nations.

The members of our laboratory also range widely in disciplines,
covering both the physical and biological sciences. Our ability to
see things that no one has seen before and to think about them in a
way no one has thought about them, will depend on extending this
range of disciplines. We will need scientists familiar with crystallogra-
phy, modern mathematics, and quantum mechanics.

The greatest need will be for highly skilled operators. Operating
a microscope is much like playing a fine musical instrument. The
quality of the performance, requiring intuitive and interpretive abil-
ities, depends on the talent of the performer. He must have a good
ear, a good eye, a good hand—and patience.

This marvelous instrument has begun to show us how intimately
man is linked to the domain of atoms and how minute matter in the
universe influences his destiny, New concepts in this technology will
someday permit us not only to predict, but also to design life at the
molecular level. Scientists will have a power more awesome than any
ever imagined. In turn, they will have the grave responsibility of
using this power wisely.

For further reading:

Bradbury, S., The Evolution of the Microscope, Pergamon Press, 1967.
Cosslett, V. E., Modern Microscopy. Cornell University Press, 1966.
Freundlich, Martin F., “Origin of the Electron Microscope,”
Science, Vol. 142, Oct. 11, 1963.
“One-Atom Microscope,” Scientific American (Science and the Citizen),
March, 1968,

The author created

and developed the
ultralow temperature
electron microscope.
Promised improvement
can be seen in

the photomicrograph,
below, which shows
the lattice structure of
the enzyme, catalase.
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Accelerators, above,
generate electrons for
a million-volt RCA
electron microscope,
below. These electrons
travel at about 94 per
cent the speed of light,
with wave lengths to
1009 A. High energy
electrons can easily
penetrate thicker
specimens, and provide
improved resolution.

high. With the electron microscope, the entire collection of the Library
of Congress could be reduced to a single sheet, 8 inches by 10 inches,
transferred to micro-tape, and later displayed, page by page, on a
television screen.

Further development of the electron microscope’s potential in this
direction could lead to its use in miniaturized computers. By printing
electronic circuits on film and reducing them in the same way pages
of type are reduced, we could provide more compact, and thus more
efficient, computers. The microscope may also teach us how to dupli-
cate our own ultraminiaturized molecular information storage sys-
tem—the memory portion of the human brain. The packing density
of our brain—the number of working elements in a given volume—is
10 to 100 billion elements per cubic inch. Packing densities of present
computer components range up to 1 million elements per cubic inch.
By improving this density with electron microscope techniques we
would, among other things, greatly enhance the speed of retrieving
information.

Holography with the electron microscope may also help explain
the memory apparatus of the human brain. Our ability to summon
words, sentences, and other behavioral sequences from our experi-
ences seems to be a random and nonlocalized process. We believe
that human memory banks are highly repetitive—all the data being
stored in every portion of the brain.

The retrieving mechanism may act somewhat like a reverse of
holography in which the illuminating laser beam is matched to a
hologram to produce the reference beam. One application for visible
light holography envisions rapidly passing an enormous file of finger-
prints, stored on microfilm, past an illuminating beam that is shining
through a hologram of the fingerprint being sought. When the holo-
gram matches the print on file, the reference beam flashes. If we
could demonstrate that the brain uses a similar system to summon our
thoughts, we would begin to understand the phenomena of percep-
tion. Also, we could experiment with the cells or cell clusters respon-
sible for storing sensory information.

A fascinating application for ultrareduced printed circuits could
be as a prosthetic sensor. Placed on a red blood cell, it could then
transmit information from within the human body. We have already
successfully placed an amplifier circuit on a retinal rod —that portion of
the eye that reacts to faint light. Such devices, only 6 microns across,
could be produced in large quantities and incorporated at key sites of
the body where, for example, they could monitor the operation of the
nervous system. They would, of course, have to have biosynthetically
produced protein coats so they would not be rejected by the immune
responses of the body. Using the natural electricity in the body for
power, these sensors would transmit neurological electric impulses
similar to those recorded by an electroencephalogram. But they would
be transmitted by radio, eliminating the need for physical attachments
to the body, and permitting the patient to be monitored as he goes
about his affairs.




Our primary goal, however, is to view the structure of molecules
directly. This means entering the domain of 1 to 2 A. In some ma-
terials we can already see the atoms in the crystalline lattice arranged
to make up the incredibly complex organic molecules. We have also
been able to observe cell membranes. For example, in the subunit
structure of myelin—a substance that forms part of the nerve fiber—
we have actually watched cells in the process of rearranging their
molecular structure.

Because the diamond knife can cut specimens as thin as 50 A, we
can now do chemistry by cutting. We can cut up a starch molecule
in such a way that it becomes sugar. We can slice a virus in half.
It may even be possible to correct genetic errors. For example, we
can examine the DNA ribbon in the gene causing hemophilia. It
may be possible to edit this ribbon—actually cut into the nucleotides
and rearrange them in proper order. The edited DNA could then be
copied in great numbers and inserted in a female ovum to crowd out
the faulty genes. Since the genetic likelihood of a disease such as
hemophilia is relatively easy to predict, this technique could, in a
few generations, eliminate the disease.

The use of the electron microscope in reverse—to demagnify—also
offers many fascinating possibilities. One is the storage and retrieval of
information. Using grainless film developed in our laboratory, we can
photographically reduce pages, such as the one you are reading, to an
almost invisible dot. Letters on such a page are only about 100 atoms

Demagnifying
techniques also
permit printing
electronic circuits,
seen in electron
microscope viewing
port, above, onto
blood cells or

retinal rods, below.
These circuits can be
implanted in the body.
The circuit is only
about 6 microns across.
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! Magnified view

Electron microscopes
demagnify type, below,
to a point where letters
are only 100 atoms high.
Size of page, similar to
the one you are reading,
is shown relative to
specimen grid, above.
When reduced to the
actual size, it is an
almost invisible dot.

layers with atomically smooth knife edges. I began slowly and care-
fully to pare away the layers of a diamond with the only tool hard
enough to do so—another diamond. After many hours of work, I was
rewarded with the finest knife yet made.

Also needed in this preparation system was a way to hold the spec-
imens after they were sliced. For this, we devised a protective chamber
in which the specimens are carefully sealed between layers of ultrathin
graphite film through which electrons can freely pass.

One result of the improvements is the ability to make quantitative
predictions about the behavior of biological matter. Physicists can
make predictions because they can observe or measure basic com-
ponents. For example, knowing the length of a pipe in a pipe organ
and the speed of sound in air, we can predict all the tones and over-
tones that can be produced. In biology, however, the basic com-
ponents are molecules, which we have not been able to see. Thus,
we have had to work with unpredictable groups of molecules.

The ability to predict in the biological world will have important
consequences. Until recently, for example, we knew relatively little
about the nature of deoxyribonucleic acid (DNA)-the substance that
contains all the data needed to program the construction of a man
from his brain to his toenails. Although it is one of the largest mole-
cules, DNA still is extremely small. A human being contains approxi-
mately 50 trillion cells, each of which contain 46 chromosomes. These
chromosomes, in turn, have more than 1,000 genes, each containing
vast numbers of minute DNA ribbons. With the electron microscope
we are beginning to be able to view this programming phenomenon,
including the transfer of information from DNA to the building
centers of the cells by ribonucleic acid (RNA).




light necessary for the successful imaging and re-
constructing of realistic three dimensional scenes.
In the electron microscope, holography will reveal
interatomic distances and show us structures in
three dimensions. This application, however, must
await the development of laserlike devices that will
provide a coherent electron beam.

An interesting variation on conventional elec-
tronic microscopes is being developed by Albert
Crewe, working with another group here at the
University of Chicago. In this microscope, a highly
concentrated electron beam is focused before reach-
ing the specimen, and is then scanned across it.
The electrons that pass through the specimen are
collected and compared with those that are scat-
tered. The energy lost by the traversing electrons
can be used to identify the specimen. Thus the scan-
ning electron microscope will be able to analyze
a material while simultaneously observing its atoms
and molecules. And, because the electron beam
examines a smaller portion of a specimen at a time,
it has a potential for much improved resolution.

Sharing importance with advances in the elec-
tron microscope are improvements in the tech-
niques for preparing specimens. One of the most
spectacular developments in this area has been a
system for precisely slicing specimens into ultrathin
sections. The system consists of a diamond knife
operating in an evacuated microtome. It can be
operated at very low temperatures in order to keep
rearrangement of the molecules in biological spec-
imens to a minimum.

The idea for this system came to me while flying
over Angel Falls in Venezuela. As I looked down on
the beautiful cascading waters of the world’s highest
waterfall, I suddenly realized that our sectioning
problem could be solved by a device that provided
a precise, circular motion in a smoothly recurring
flow system. The result was the invention of the
ultramicrotome—a fine rotating slicing machine
similar to a meat slicer.

Our precision machine needed an ultrasharp
knife —sharper than anything available. I ruled out
steel because of the limits to which it could be
ground. Then I thought of diamonds. Because they
are chemically inert, they would not contaminate
organic specimens. But even better, I knew, from
having studied diamonds under the electron mi-
croscope, that they are giant crystals composed of

Editing the Code of Life

Closed strand of a virus DNA, above, can be
seen in an electron microscope. After reaction
with nucleotides and an RNA polymerase
varying width filaments are formed, below.

The diamond knife, above, can cut large
biological molecules into viable segments,
such as a section of virus DNA, below.
The techniqgue may permit genetic defects
to be corrected under the microscope.
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Scientists and technicians prepare specimens to be
viewed through the electron microscope under
conditions that approach operating room cleanliness.

A new cryogenic
ultramicrotome is
used to section frozen
biological specimens.

Video recording system
with image intensifier
is a valuable tool for
registering specimen
behavior for large
group demonstrations.

Thin layer of metal is deposited on specimens

in ultrahigh vacuum, /eft. Photographic laboratory,
above, includes shadowgraph on which projected
image from the microscope can be studied in detail.




from 50 to 100 A—so that most electrons can pass through them. Liv-
ing systems, such as bacteria, are much thicker than this, and viewing
them requires the more energetic high-voltage electrons. The primary
advantage, however, lies in better resolution. As the voltage is in-
creased, the wave length of the electrons becomes smaller. High-
voltage microscopes now being developed provide resolution ap-

proaching 1 A.

Another goal in our technology is the improvement of the electron
beam itself. We would prefer a beam that is coherent—all the electron
waves traveling in step with each other, like an army on parade. This
not only would improve the resolution but, used in conjunction with
superconducting lenses, would also make possible the technology of
high resolution holography.

Holography is a method of recording images on film without a lens.
It requires a coherent illuminating beam, divided so that one part
lights the object, while the other, called the reference beam, goes
directly to the film. At the film, the reference beam and the light
from the object cause an interference pattern that contains all the
information on the image in three dimensions. The scene can then be
reconstructed by viewing the developed film with another coherent
illumination source.

This imaging system was, in fact, first proposed by a scientist
working with electron microscopes. In 1948, Dennis Gabor, a Hun-
garian physicist then at the University of London’s Imperial College
of Science and Technology, had come to believe that electromagnetic
lenses could not be substantially improved. So he proposed taking
magnified pictures with an electron microscope by exposing a pho-
tographic film to the electron waves from the specimen before they
were focused, and reconstructing the jumbled image with visible light.
Because light waves are much longer than electron waves, the recon-
structed image would be greatly magnified.

With the invention of the laser, it became possible to make holo-
grams using visible light. This device provides the coherent beam of

Holding the Specimen

Ultrathin collodion-carbon film

Specimens require special handling devices such
as the grid, /eft, shown slightly enlarged, above.
Laboratory technician, right, prepares ultrathin
Grid films used to support the specimens on the grids.
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The Electron Microscope
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In the electron microscope, specimens are
illuminated by externally generated electrons

that are beamed by an electron gun into an
electromagnetic condenser lens. The concentrated
beam passes through the specimen, which scatters
the electrons. A series of lenses then focus the
electrons into an image of the specimen and
adjusts its magnification. A final lens projects

the image on a fluorescent screen where it can be
viewed directly or it can be photographed.

The microscopes can be operated over a wide
range of voltages and lens magnifications.
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Special methods permit
direct view of an organic
molecule, above, coupled
with electron diffraction
of a selected area, /eft.
to determine details
between 2 and 3 A.

The high resolution of

a bacterial virus, below,
portrays the structure

of its head and tail.



What Microscopes Resolve

Bacteria Viruses Molecules Single atoms
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To eliminate vibration, we mount the microscopes on individual
concrete blocks that sit on springs in the floor and are insulated by
shock pads. The contamination problem is met by having as dirt free
a laboratory as possible. All who enter the air-conditioned laboratory
must pass through a special anteroom where they stop to don white
nylon coats. Employees wear special shoes and visitors are furnished
plastic bags to wear over their shoes.

To improve the electron microscope itself, we must start with the
elimination of lens fluctuation. All electronic systems are subject
to thermal noise caused by hot electrons moving through the circuits.
In an electron microscope, this noise causes variations in the focusing
of the lenses. One way to solve this problem is to place the windings
of the electromagnetic lenses in a very cold environment-that of
liquid helium. At about 4.2°C. above absolute zero, the current goes
into a state of superconduction; that is, the power may be turned off
and the current will continue to flow without meeting electrical resist-
ance. It thus sustains a very constant magnetic field.

Another avenue of instrument improvement is the development of
high-voltage microscopes. Electrons are absorbed by very thin layers
of matter. Therefore, specimen tissues must be sliced thin enough—

Resolution of points on
an object is proportional
to the wave length of the
illuminating source.

The best optical
microscopes, resolving
points 4,000 to 8,000

choice of magnification,
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in detail, we bring it closer to our eyes to spread out its features and
make it appear larger. However, we cannot focus on objects less
than about 10 inches from our eyes. We must then use an external lens,
such as in a magnifying glass, to further spread the features.

The optical microscope, which extends this principle, is basically
a system of glass lenses used in conjunction with a source of concen-
trated light that illuminates the object to be viewed. Optical micro-
scopes have been developed to a point where they can magnify an ob-
Ject up to 2,000 times, and at the same time resolve features on it only
2,000 angstroms (A) apart (one A equals 1/100,000,000 centimeter,
or about the diameter of an atom). This is about the limit of optical
microscopes because of the nature of light and distortions inherent in
the lenses. The central problem is that it is impossible to resolve points
on an object that are closer together than the length of the wave that
1s carrying the image.

This limit was breached with the development of the electron
microscope a little over 30 years ago. The unique properties of elec-
trons—they are both electrically charged particles and waves—permit
them to be focused like light. Because electron waves are several hun-
dred thousand times shorter than light waves, they can resolve much
smaller objects. Today’s electron microscopes can, in practice, resolve
points on an object only 5 A apart, while magnifying the object as
much as 1 million times.

In the conventional electron microscope, the source of illumination
is electrons, and the lenses are electromagnetic fields existing in a
vacuum, A beam of externally generated high-voltage electrons enters
the microscope through a tube at the top. After being concentrated
by a condenser lens, it passes through the specimen to be viewed.
This scatters the electrons, which are then formed into an image by
passing through a series of focusing lenses. The beam finally arrives
at a fluorescent screen near the bottom of the microscope where the
electronic image is converted into a visual image. This greatly magni-
fied image is viewed through an observation window.

The electron microscope is a highly versatile instrument. Its illu-
mination can be varied from a few to several million electron volts,
and the lenses can be focused over a wide range. This versatility
promises to let us look even farther into the world of atoms and
molecules. To push back the frontier, however, we must make im-
provements in three major areas: (1) in the environment of operation,
(2) in our instruments, and (3) in our preparation techniques.

Because electron microscopes are extremely delicate, they are ad-
versely affected by many external factors. Chief among these are
electromagnetic interference, vibration, and contamination. We have
gone to great lengths to minimize these factors at our nine-microscope
laboratory at the University of Chicago. For example, to reduce
electromagnetic disturbances, we use incandescent rather than fluo-
rescent lights. Also, all the electrical wiring is shielded in grounded
conduits behind the walls. Even the ventilator ducts are made of
nonmagnetic stainless steel.
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A Science Year Report

By Humberto Fernandez-Moran

The World of
Inner Space

With the electron microscope, man is beginning
to discover the secrets of atoms and molecules,
and may soon be designing matter at this level

-

Man is exploring a new universe, inner space—through a powerful
and promising instrument, the electron microscope. As does his coun-
terpart, the astronomer, the electron microscopist is using his tech-
nology to overcome the linitations of his eyes. And, like the astron-
omer, he is attempting to find order and meaning in the world of the
infinite he observes.

But the electron microscopist has one great potential advantage.
An astronomer can only ohbserve the planets, the stars, and the
galaxies. The microscopist, however, not only can look into his mag-
nified world of atoms and molecules, but may soon begin to manipu-
late it. For example, he may someday be able to alter the molecules
that determine man’s genetic makeup and correct molecular defects.
He can also use the device like an inverted telescope, to condense
massive libraries onto a single page, or print electronic circuits the size
of red blood cells to transmit information from within the human body.

To understand the significance of the electron microscope, we need
to understand the principles of magnification. We see an object be-
cause light waves carry its image to our eyes. In examining the object

In the eerie green glow of electron microscope viewing ports, scientists
observe specimens with a spectacular degree of magnification and detail.



Will it someday be possible to build the brainlike machine that
Warren McCulloch envisioned? Perhaps, even without the extreme
miniaturization that Feynman suggests. Some experts, for instance,
count on scientific and engineering genius to create a multitude of
“functional circuits.” According to Jack Morton, who directed the
transistor into a practicable device at Bell Telephone Laboratories,
designers are still thinking conventionally, in terms of individual
circuit parts acting together, Functional cireuits of the future would,
however, have no recognizable parts that could be identified as, for
example, a transistor. Instead, a special material would be processed
to perform an elaborate function, such as the coding of spoken mes-
sages into dots and dashes.

The functional vanguard

A few functional devices do exist., A familiar example is the quartz
crystal in a phonograph pickup that converts mechanical vibraticns
into a varying electric current. Another functicnal circuit is the laser.
It does what no ordinary assemblage of electronic parts can accom-
plish in absorbing random energy and emitting light waves of a
specific frequency that are precisely in step with one another.

Henry Zimmerman, director of M.L.T.’s Research Laboratory of
Electronics, is optimistic about yet another approach. He points out
that the Hungarian-American mathematician John von Neumann
worked out a general theory for building highly reliable machines
from unreliable parts. Such a machine would, in principle, perform
much like a brain, which works remarkably well with its erratic nerve
cells. Zimmerman explains that only up to a point does an increase in
the complexity of a machine reduce its reliability. Beyond this point,
with more circuits, machines can take advantage of a different princi-
ple. The brain seems to be a parallel machine; it works on a great
many tasks at the same time. Up to now, computers have been sequen-
tial; they compiete one task before starting the next. Using the speed
and reliability of ICs that will be available a few years {rom now, it
may be possible to design information processors that are organized
in a parallel fashien,

Zimmerman, like most scientists, doubts that man will soon repro-
duce his brain in electronic hardware. But, using a multitude of ICs,
ultraminiaturized, working in parallel, together with functional cir-
cuits, he may build electronic devices tomorrow that seem like impos-
sible dreams even today.

For further reading:

“Guiliver-Size Need for Lilliputian Products,” Time, Sept, 2, 189686,
Hittinger, William C., and Sparks, Morgan, “Microelectronics,” Scientific
American, November, 1965,

“Hockup ta the Future,”” Business Week, Nov. 4, 1967.
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WELCOME to.a unique exhibit and banquet—
the annual I-R 100!

Here the best of the nation’s innovators, those
who have distinguished themselves by developing
the 100 most significant new technical products
of the year, are honored and their new

products exhibited.

The 1-R 106 Awards, considered by many

as the applied research equivalent of the Nobel
Prize, are presented by Industrial Research inc.
to stimulate and recognize the scientific

and technological achievements of the nation’s
$25,5-billion research industry. Since the I-R 100
began in 1963, some 300 industrial, university,
and government laboratories and more than 1,000
scientists and engineers have been cited.

These innovators of modern technology
truly represent the best technical minds
in the country today.

Their 100 products are selected (from about
10,000 new technical products developed each -
year) by the Editorial Advisory Board of Industrial
Research Inc. This 30-man panel includes

five Nobel laureates, heads of research institutes
and laboratories, and the inventors or discoverers
of radar, stroboscopic photography, radiocarbon
dating, galactic astronomy, communications
satellites, the laser, and many other scientific
accomplishments of our time. (See inside back
cover for a listing of the judges.)

A few facts about the 1968 winning products:’
This year's awards took an average of 29 months
o develop—iwo months more than the average
for last year's I'R 100 winners. The cost

of developing a winning product was $422,000,

on the average, compared with $250,000 last year.
Only 17 of the products were developed with

the aid of federal funds, compared with 26 a year
ago. It would take $1.3-million to purchase

all of the 100 winning products this year—

or about $22,000 per product.

The entire I-R 100 exhibit and formal banquet
are part of National Industrial Research Week
{Sept. 29 through Oct. 5) being observed

by the nation’s 15,000 industrial laboratories.
Open houses, exhibits, and otlier activities

have been scheduled during this Week to call
attention to the contributions of the 350,000
scientists and engineers in this country engaged
in applied research and development.

Amaong activities during the Week are an open
house at Outhoard Marine Corp.’s laboratory

in Milwaukee, exhibits at Varian Associates in Palo
Alto, a science career program by Xerox

in Rochester, and a community salute to U.S. Steel
Corp. and other companies with research

facilities in Monroeville, Pa.

General Electric, Ford, Sperry Rand, Univac,
Westinghouse, Thiokol Chemical, and many other
companies also are scheduling special events
during National Industrial Research Week.

The Naticnal Conference on Industrial Research

is held during this Week too, Limited to about

500 corporate presidents, research directors,

and senior scientists and engineers, the conference
is concerned with making new product
development more effective and profitable.

During the research conference two annual awards
will be made. The “I*R Man of the Year” award
and $1,000 check will go to Dr. Bernd T. Matthias,
professor of physics, University of California

at 3an Diego, and technical staff member of Bell
Telephone Laboratories, for his achievements

in increasing transition temperatures

of superconductive materials. And the

“I-R Laboratory of the Year” awards will be made
to several new outstanding research laboratories.

All of these events, awards, and activities

are sponsored by Industrial Research Inc,,
publishers of Industrial Research, Materials
Applications, Oceanology International,

and Electro-Technology magazines, Purpose

of the I-R 100 and associated events is to stimulate
our country's vital “industry of innovation” and to,
honor outstanding applied research achievement.

/L‘Q'- { ':3—51.:.

Neil P. Ruzic
president
Industrial Research Inc.




THE I'R 100 COMPETITION Schedule of Events

AND NATIONAL CONFERENCE NATIONAL CONFERENCE ON INDUSTRIAL RESEARCH
ON INDUSTRIAL RESEARCH and I-R 100 Awards Program

t. 3-4, 1968
The I+R 100 Competition and the National Confer- Oct. 3-4

ence on Industrial Research are sponsored annually by THURSDAY, OCTOBER 3
Indust.rl:al Research -Inc. as a service to the nation’s 810 %am. Conference registration BaHroom Foyer
$25-billion research industry.

L . 9to 12pm. Conference morning session Trianon Ballroom
The 100 most significant new technical products of the
year are selected in the I*R 100 Competition. The 1lam.to7pm. “I*R 100" exhibit Rhinelander Gallery

products are displayed and their developers honored

o 12-15to 2 p.m. Conference luncheon Mercury Ballroom
at the annual product exhibit and awards banquet.
. 2to5pam. Conference afternoon Trianon Baliroom
The conference, which has “New Producis — and sossion

Profits” as its theme this year, is sponsored by Indus-

trial Research Inmc. in cooperation with the Purdue Tour of *1-R 100" exhibit Rhinelander Gallery
University Krannert Graduate School of Industrial Ad-

ministration, IIT Research Institute, and Battelle Me-

morial Institute. FRIDAY, OCTOBER 4

9to12pm. Conference morning session Trianon Baliroom

I‘'R 100 SPECIAL SECTIONS

L. 11am.to7 p.m. “IsR 100" exhibit Rhinelander Gallery
A complete report on the I*R 100 winning products
will be featured in the December issue of Industrial Re- 12:15t02p.m. Conference luncheon Mercury Ballroom
search. Descriptions of the prize-winning electronic “I'R Man of the Year"
products will be published in the December issue of award presentation
Electro-Technology, while a summary of oceanographic 2to5p.m. Conference afternoon Trianon Baliroom
product results will appear in the December issue of session

Oceanology International. 607 p.m. Reception Rhinelander Gallery

7109:30 pm. Industrial Research awards Grand Ballroom
banquet

“I+R Laboratory of the Year” and
“I+R 100" awards presentation

KEYNOTE SPEAKER at the I-R 100 formal banquet
Friday night, Oct. 4 is Dr Humberto
Fernandez-Moran, often called a “renaissance
man.” Biophysicist, physician, neurologist,
neuropathologist, radiation authority, inventor
of eryogenic electron microscopes, philosaopher,
and former diplemat for Venezuela,

Dr Fernandez-Moran will address the innovators
of the nation's most significant new technical
products on “Humanity and Science

at the Crossroads.”




I.R-100 LECTURE (Oct. 4, 1968)

H. Fernandegz-Morahn

INTRODUCTION

On rare occasions such as these, we are privileged to
share and live through the high noon of an era which is
rapidly moving towards a critical point of transition in
space and time. Its thundering "leitmotiv" started
reverberating about a quarter of a century ago with the
controlled release of nuclear energy brought about through
the concerted efforts of a group of dedicated men, many
of whom are still among us, like Dr. Glenn Seaborg who
addressed you last year, and Dr. Alexander Sachs, one of
its inspired originators, who is here tonight. Since
then, accelerated scientific and technological progress
in all fields has enabled Man to visualize directly the
complex structure of atoms and molecules in living matter,
to venture out into space, and in general to achieve remark-
able feats in control and communication on a planetary seale,
vastly extending his intellectual powers--until now we coen-
front a strange future laden with deep uncertainties and
grave challenges, but still offering ever greater oppor-
tunities.

Resurrecting the conceptions of one of the boldest
thinkers of all time, who worked and died in this city
barely 13 years ago: Pierre Tellhard de Chardin, we must
admit that Mankind has now reached a crucial stage, Mankind
is perplexed and even bored, not knowing what to do with
itself and yet paradoxically endowed with unprecedented
potential for good or evil. It may not be the shallow
"prave new world" once predicted, but it certainly is one
‘of the most active and demanding, more attuned to the faith
.and vision of the optimist, than to the paralyzing confusion
of the pessimist.
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We are all keenly aware of the social turmoil affecting
particularly the younger generation at the national and
international levels; and the terrible "memento mori" has
not ceased to haunt our era since 1938, dimming the full
joy of a Promethean renaissance. In addition, the 'popu-
lation explosion! igs already so overwhelming that by the
1970's hundreds of millions .of people are going tec starve
to death in spite of any foreseeable emergency programs
which can now be implemented.

Yet, it is against this backgfound of stark realism
that I wish to invoke the spirit of individual innovation
representative of this forum to state the central thesis
that cooperative endeavors of human minds guided by science’
and technology will ultimately lead Mankind to higher levels

of inventiveness and achievement. ‘
— This stems from our 'faith in Man' and his future
which gives us the conviction that just as we appear to
have reached the "critical mess for annihilation" under
unrelenting biological and social pressures, s0 have we
been likewise invested with an ample 'critical mass' capac-
ity for survival and further evolution. As expressed by
Faulkner in his memorable Nobel Prize speech: 'Man shall
not merely endure, he shall prevail on this Earth', and
all that Mankind stands for is inextricably linked to the
progress of the Universe.

Man, the Thinker, the Believer, and the Dreamer, is
at the very heart of the Cosmos. In this deeper sense, Man
himgelf is the missing link.

Moreover, Man is a Trustee of Life, one of its many
forms in the Universe. Therefore, he must fulfill the dual
obligation of ensuring his own survival, while trying to
preserve and understand all other forms of ILife, no matter
how alien. I understand Albert Schweitzer's ‘'Reverence for
Life! primarily in this sense.
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Perhaps the only permissible constraint that Man can
invoke and exercise may be derived from an analogy %o
Pauli's exclusion principle. Since according to this
principle'(which I termed 'Vivethics'), no two forms of
Life can 'occupy' or 'inhabit!' the same time-space domain,
Man could ultimately Jjustify pre-empting other forms of
Life inimical to his own existence, but he may never wantonly
destroy or kill them. In general, from a 'rational point
of view', the ethical principles may be literally a funda-
mental condition for survival and higher evolution of the
human race.

S0 many great minds and hearts have already wrestled
with these problems and pointed out possible solutions, that
I can only aspire here to deal with certain salient approaches
in the need for developing more effective methodological and
conceptual tools for probing the future. I should like to
set forth some of these more as a list of seminal problems
which can be posed from a biophysicist's point of view %o
stimulate the interest and active participation of scientists
and technologlsts focusing on key areas of the Neurosciences
in exploring the human mind, of Molecular Biology, of Exo-
bioclogy, and of Biomolecular Organization at all levels.

There is one specific 'case history' which I wish to
dwell on--not only because it is eminently timely in light
of recent events, but also because of its decisive historical
and geopolitical significance.

Its urgency becomes manifest as we realize the serious
" threat to the whole future of our species inexorably building
up when more than half of the world is hungry, many are
starving to death, and we still keep on growing at such a
rate that the present population of well over three billion
people is expected to double within the next 30 years on a
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sick planet already in the grip of environmental deterior-
ation, pollution and declining natural resources. To
counteract a vicious circle of such planetary proportions,
the world population must rapidly be brought under control,
through voluntary, conscious regulation of human repro-
duction coupled with an integrated program desighed to
increase food production greatly and achieve envirommental
restoration. This could mean such an abrupt reversal of

a previously uncontrolled evolutionary trend that we would
have to postulate the action of highly cooperative phenomena
embracing basic affinities of the individual human minds,
not unlike those involved with manifestation of quantum
effects operating on a truly macroscoplc scale, of which
guperconductivity is a remarkable example.

In any case, it is interesting to consider such cooper-
ativity phenomena effective within certain collective domains
on a social-geopolitical scale as being first localized and
'regional'. Ultimately, however, these ‘Homo-cooperativity'
processes could extend over the entire system and achieve
international siginficance through purposeful, systematic
interaction with technological communication media.

I submit that nowhere on this planet are conditions more
favorable for attaimment of true cooperativity phenomena
at the present time than between the Americas. To begin
with, the United States may be regarded as the typical and
most successful example of such Homo-cooperativity phenomena.
Thus, when Henry James defined Americans as "people of abysmal
good nature and ultimate good sense," as Dr. Alexander Sachs
recently told me, he was expressing the qualities which are
essential for true cooperativity among human beings. Pre-
cisely this rare quality of being able to elicit the best
efforts from individuals of all nationalities without dis-
torting them in the process, accounts for the phenomenal
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success of the American 'team effort' ranging from the
economic to gclentific and engineering cooperative projects.
It explains why the U.S. now controls two-thirds of the
world's capital market, using only about five per cent of
the world's highly qualified labor force to do so. It also
helps explain why the U.S.A., representing less than 1/15
of the world's population uses over half of all the raw
material consumed each year.

In fact, this inherent capability for success has
"activated" this enterprising nation to such a degree that
it has unfortunately disposed or squandered its own resources
with such prodigality, and it now finds itself lacking basic
raw materials, and entangled in so many global commitments
by virtue of its dual role of World banker and World philan-
thropist, that it is facing a generally estranged or hostile
world.

And that in itself is a fundamental reason for turning
to its other neighbor nations in Canada and Latin America
at this crucial point of history.

Basic supporting factors for these cooperative projects
between the Americas are the geopolitical proximity and the
complementarity in £illing each other's needs. U.S. primarily
needs natural resources and markets; while Latin America
essentially needs assistance in filling the technical, sci-
entific, and managerial gap. Both inseparable halves of the
great Continent most definitely require to know each other
better, both as individuals and as social entities, as well
as to actively exchange the wealth of their cultural heritage
at all levels.

Latin America as a whole now emerges as the only "viable"
continent invested with the greatest untapped stores of prime
resources. The entire continental United States can, for
example, be emplaced in the gigantic Amazon valley, which



H. Pernandez-Moran

I.R-100 LECTURE (Oct. &4, 1968) (6)

contains, among many other things, 25% of the world's timber,
its greatest river and drainage system, etc. Despite mani-
fest social ailments, Latin America turns out to héve a
remarkable bedrock strength in its closely related common
languages, religion, unusually complex but vigorous genetic
background. Blessed with great biological survival features,
it enters the historical scene precisely at the time that
our advanced technology (including nuclear engineerihg)
permits us to cope effectively with the formidable barriers,
now become instead welcome challenges and opportunities.

This would range from nuclear explosion and earth-
displacement programs to form dikes and hydro-electric
transportation networks interconnecting the Amazon, Orinocco,
and Paraguay systems, to the use of integrated atomic power-
reactors and petrochemical complexes, with "synergistic”
minerals, agricultural, hydroponic, timber, and related
development projects. Much of this has already been adum-
brated by an increasing number of U.3., Latin American and
European planners, including most recently the imaghnative
group of Panero and Kahn at the Hudson Institute (article
in Fortune, December 1967, p. 148).

In order to be really successful on a long-term basgis,
these cooperative projects between the U.S.-Canada-Tatin
America should comprise a fully integrated program to fill
the gaps primarily at the functional levels: general economic
gap, foreign investment gap, research and development gap, a
management gap and an education gap.

The educational gap i1s at the heart of the problem,
encompassing secondary, technical and graduate schools, and
particularly the modern American management education (e.g.
Harvard's Business Management Institute), and the new technical
graduate schools patterned afiter those two centers of excel-
lence: M.I.T. and CalTech.
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There will likewise be a great need for several
"multiversity"-type international universities for key
regions of Latin America. As we envision it, they would
be an internationally-financed community with an inter-
national faculty, representing the professional excellence
of a number of countries. They would have international
classrooms connected by transcontinental electronic com-
munications systems; international laboratories in which a
U.S8. and a Latin American student--each on his own campus--
could cooperate on a scientific experiment; and international
repositories of information coupled with computer retrieval
facilities (Scientific Research, S. Winer, January 1968).

It is my firm conviction that America 1s an indivisible
entity, which will either survive and fulfill its historical
destiny as the backbone of this planet in a complete and
voluntary cooperation between North and South, or disintegrate
piecemeal. This complementarity is not hypothetical, but
rests on solid historical background. Remember that Bolivar
already conceived and laid the foundation for a "Pan American
Union" nearly a century and a half ago. Following Bolivar's
death, certain circumstances, notably the massive immigration
from Europe in the 1840-50's, definitely favored the North;
and it has since retained a historical preponderance while
South America recovered from its hemorrhages and wrestled
weakly as a sick gilant with the titanic handicaps of its
tropical domain. Now, the pendulum is gradually swinging
the other way, and it takes intuition of rare order and great
thoughtrulness and understanding to bring about a true cooper-
ative "resonance" between the twin continents.

In closing, let me thank you for your hospitality and
understanding. I can find no better way to convey the
feeling of silent hope and reverence that we all cherish
when we think of our common heritage and future destiny than
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to quote those immortal words of Simon Bolivar, one of
Mankind's greatest statesmen and seers, from his Address
delivered at the inauguration of the Second National Congress
of Venezuela in Angostura, February 15, 1819:
"My imagination, taking flight to the ages to come, is
captured by the vision of future centuries, and when,
from that vantage point, I observe with admiration and
amazement the prosperity, the splendor, the fullness of
life which will then flourish in this vast region, I am
overwlielmed. I seem.to see my country at the very heart

of the uvniverse..... I behold her shipping to all corners
of the earth the treasures.....which lie hidden in her
mountains. I can see her dispensing....health and life

to.the ailing....I can see her confiding her precious
secrets to the learned men who do not know that her
store of knowledge is superior to the wealth with which
Nature has prodigally endowed her."
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R IMMEDIATE

- Dr, Hunberto Fernandez Mordn has been named A. N Pritzker Pro-

hY

fessor of Blophy81cs in the Division of the Biological 801ences and
The Prltzker Schoo1 of Medicine of The UanE”Slty of Chicago.

_ Dr, Fernindez- ﬂoran, by, is 1nternatlonally known for his WO“k in

electron mlcroscopy

The ap901ntnent was announced by John T. Wilson, Vice-President

and Dean of Faculties of the University, who sald i
‘ " “The Pritzker family has made many contributions to the Uni§ér—'
sity, and to medical sciénce,,tha? will have a lasting impact. In
recognition of this contributign, we are pieased to designate one of
our most distinguished faculty membé;s a% a Pritzker Professor.”
In.Juné;-lSSB, The University of Chicago School of Medicine was
rénamed_The'Pritzker School'of Hed;cine of.The University of Chicago
in honor of the fé;ily and its support. Members of the Pritzker fami-
1& of Chicago indiude the brotheré<h. M. PPlLZkEP and Jack N Prﬁtzkmr

_-

and the forner s sons, Jay, Robert, and Donald,

The famlly s contﬂlbutlon 1ncluded a $12 mllllon glft to support
the me dlcal school and create four endowed chalrs to help strencLhen.
" the school's faculty. ; - . _

. Dr. Fernindez~Moran commented on the-ﬁrofessofsﬁip:- "it.is.a-
pr1v11ege for me to accept this high honor for my colleacues and the
Unlver51ty. I w111 do my utmost to continue to bring a contrlbuulon

i fo the Univers;ty in whateve? ‘capac1ty I may be called upon to d

- seprve." T
. ~IOTre—
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A statement by Dr Lecn O Jacobson Dean of the Division of the
Biological Sciences and The Prltzker School of ﬂed1c1ne, saidy

"D, Fernéhdez-ﬂoran is an excellenL choice to hold the first
A. N. Pritzker Professorship. His achievements in science have bzen
outstanding and have enabled countless other researchers to attack:
problens previously considered unsclvable, He is a brilliant and in-

genious man and his work at the University has contributed much to our
medical program.”

Uork in the field of electron microscopy has progressed rapidly
since Dr, Fernahdez-Moran developed the diamond knife nearly 20 years

ago, when he was a research fellow at the Nobel Institute in Stock-
holm, Sweden.

&

At that time, the only knlves available for dellcaLe nlcwotomy
work were of alass or steel, and neither was capable of cutting sect-

ions thin enough to take full advantage of the power of the electron
mlC“ObCOPe. - .

Disregarding pwo 531ona7 dla?ond grinders who told him the job
was 1mp0351b1e, Dr Ferndndez-Morin selected a flawless industrial
diamond and set to work. The final cutting edge was achisved by su-

perpolishing in a spec1al device usi ng ult trafine diamond subnlcron
powders, :

When he completed his exacting work, Dr. Ferndndez-Mordn had a
mounted knife capable of cutting stareh into its component sugars.
Then he began to use Lhe electron microscope to examine struct-
ural details a thousand times smaller than bacteria. Research with
the electron microscope has brought scientists to the borderline of
. life itself. g : '

The "master molecule" now attractlna primary attentlon is deoxy-

ribonucleic acid--DiA; a tool by which it is belnc studied is the
electron ﬂlcroscop . . . :

- Not content to dwell entirely on purely medlcal uses for the e-

lectron mlcroscope Dr. Ferndndez- Moren has been actlve in the field
of submlnlaturlbatlon. :

"Its promise," he said, speaklng of the electron mlcrose0pe, Tex-
tends from produe1n9 radio Lranemlttera which can be placed in human

blood cells to imprinting the entire Library of Congress on a magazine-
size sheet s0 booKs can be fed into home teleV151on.“

"7 cmore-
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Early this year, Dr, Fernindez-Morin told an interviewer that he

&oes not consider himself prwnarwly a sclentist, despite the fact that

"he is a Dbiophysicist, neurologist, neuﬂopa noloélst, aufhorltj on ra-

dwatlon and on cell biology, fnventor of advanced electron microscopes

and microscopy technlques, and foundew of a laboratory for brain rer
search, . . ; ;

Science," he commented, "has been one of many areas for me, per—
haps the unifying concept, but not the overwhelming one. It's a gift
.in its truest form. But it should not, -must not, be the all—encomPaS‘
sing aspect of cnes 1life, " : :

And, indeed, his 1life has been varied.  Born in Maracaibo, Vene-
zuela, 1n 1924, he was educated in Germany and received his M.D. from
the UnlvePS?Ly of Munich, where he was one of the youngest students
in its history. He then retuened to Venszuela to become licensed to-

' practice under tropical conditions. During this time, he received a
second M.D. degree, from the University of Caracas. He interned in
neurology and neuropathology at George Washington University, Washing-
ton, D.C., before going to the Nobel Institute in Stockholm,

In 1854%, he aaaln returned to Venezuela to e;tabllsh a $50 mill-
ion Venezuelan Institute for Neurology and Brain Research, worklng to
develop 1t as & research cenLev for all South America.

In 1955 Dr. Fernandez-woran headed hls countﬂy S deleFatlons to
the first Inte“—Awerlcan Symposium on Nuclear Lnewvy at Brookhaven
National Laboratory. He also was active on the science commission of
the Organization.of American States and of UNESCO. In 1858, he was
names d minister of -education for Venezuela, )

His medlcal interests brought him to the United States, where he
orked for four years at Massachusetts General Hospital in Boston and

served on the faculties of Harvard Unlver81ty and the Iassachusetts
Institute of Tecnnvlogy. £ - . ) . .

4 - Ot e

; Dr. Fernidndez-Mordn joined The Unlver51ty of Chlcago faculty 1n
1982 but he continues to list his official residence as Maracaibo, ex-
pressing his conviction that close personal ties are essential to fur-

. ther development of inter-American 801ent1flc research and educatlon
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T'wo Named Professorships

Announced

The University has announced appoint-
ments to two major named professorships
in the Division of the Biclogical Sciences
and The Pritzker School of Medicine.

Dr. Joseph B. Kirsner has been named
Louis Block Professor of Medicine, a chair
honoring the late Louis Block, who was
president of the Blockson Chemical Com-
pany, Joliet, Illinois. He bequeathed funds
for the Louis Block Fund for Basic Re-
search and Advanced Study, establisked in

. 1956 to support the Divisions of Biological

Sciences and Physical Sciences.

Dr. Humberto Ferndndez-Morin has been
appointed A. N, Pritzker Professor of Bio-

. physics. The Piitzker family of Chicago
" has contributed $12 million to support

the medical school and fo create four en-

~ dowed chairs.

" Dr. Joseph B. Kirsner

Dr. Joseph B. Xirsner joined the faculty of
the University in 1935, after carning his
M.D. fiom Tufts University School of
Medicine, Medford, Massachusetts, in
1933, Since then, he has remained on the
faculty in the Department of Medicine; in
1942, he received his Ph.D. in Biolopical
Sciences from the University.
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Dr. Joseph B Kirsner

Author or cc-author of approximately 400
publications dealing with various clinical
and experimental problems in gastroenter-
ology, Dr. Kirsner's major clinical and te-
search interests include peptic wleer and
gastric secretion, regional enteritis and ul
cerative colitis, and cancer of the gastro-
intestinal tract.

Over the vears, the list of his professional

memberships, and of his contributions to
micdical commitices, from local to national

levels, has grown te impressive proportions.
Currently, Dr. Kimsner is a member of 15
professional societies and on the editorial
boards of four medical publications.

He is past president of the American Gas
troenterological Association, the American
Gastroscopic Society, the Chicago Society
of Internal Medicine, and the Jacksen Park
Branch of the Chicago Medical Society.

Dix. Humberto Fernandez-Moran

Dr. Huomberto Femandez-Mordn, a native
of Venezuela, came to The University of
Chicago in 1962. Internationally known
for his work in electron mircoscopy, he de-
veloped the diamond knife nearly 20 years
ago when he was a research fellow at the
Nobel Iastitute in Stockholm. His knife,
capable of cutting sterch into its compo-
nent sugars, enabled scientists to study the
tiniest organic details under an electron
microscope, and opened up the field of
electron microscopy.
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Dr. Humberto Ferndndez-Moran

Recently, Dr. Ferndndez-Mordn has con-
ducted research in the ficld of subminia-
turization, which he feels holds great
promise.

Boin in Maracaibo, Venezuela, in 1924,
he was cducated in Germany and reccived
his M.D. from the University of Munich.
He returned to Venezucla to obtain his
license to practice, and, while there, camed
a second M.D. degree from the University
of Caracas.

Dr. Ferndndez-Morin has represented Ve
nezuela in several internabional confer
ences, and in 1953, served as minister of
education for his countsy,

Perspectives Journal

Wins Awatd

An unconventional and highly respected
medical quarterly published by the Uni-
versity has received the American Medical
Writers Association’s 1968 Honor Award
for Distingnished Service in Medical Jour-
nalism.

In presenting the award, the Association
described the quarterly Perspectives in
Biology and Medicine as a “free-wheeling
vehicle for speculative essays, sharp po-
lemics, engaging biography, good poetry
and philosophical refiection.”

The quarterly was also honored with a ci-
tation from the Associabion in 1964,

Perspectives is edited by Dwight I. Ingle,
eminent endocrinologist and physiologist
and Professor of Physiclogy at the Univer-
sity.

Ingle is known primarily for establishing
the fact that cortisone is biologically active,
He was also the first to experimentally
demonstrate that adienal atrophy occurs in
tesponse to overdosage with cortisone or
other steroids, and the first to experimen-
tally demonstrate steroid diabetes, He also
is known for his rescarch on the role of
the adrenal cortex in causing adaptation
diseases.

He started Perspectives in 1957 in the be-
lief that scientifiz writing should not be
stilted, ponderous or dull.

“Anthors,” he said, “are encouraged to use
an informal, humanistic style which pre-
serves the warmth, excitement and color
of the life and medical sciences.”

The essays published in Perspectives are
written primarily for medical scientists,
practicing physicians and surgeons, biolo-
gists, and students of biology and medi-
cinc. However, its readers include intelli-
gent laymen manging from high school
students to English teachers.

Published by The University of Chicago
Press, Perspectives boasts an advisory board
that includes Nobel Laureates Franeis F. C.
Crick, Sir John Eccles, Alber: Szent-
Gyorgyi, Ame Tisclins, and others.



Moran joined the Nobel Institute
for Physics as a research fellow
and began his work in electron
microscopy. It was there he de-
veloped the diamond knife. He also
studied and did research at the
Institute for Cell Research & Gen-
etics of the Karolinska Institute,
was a resident at one Stockholm
hospital and foreign assistant at
another, and functioned as Vene-
zuelan scientific and cultural attaché
to the three Scandinavian countries.
He still found time to earn an MS
in cell biology (1951) and a PhD
in biophysics (1952) at the Univ, of
Stockholm.

“Sweden meant a great deal to
me in those formative years,” says
Fernandez-Moran. “That is where
I got my physics background. I
learned methodology, and I learned
about time. The Swedes are not out
to do things on deadlines.

“I also had an ulterior motive.
I wanted to learn how a country
which is in essence a big power, but
has the population of a little power,
is run. In Sweden I had the inside
track into the hospitals, as a doetor;
into their science, through the
Nobel Institute; into the politics,
economics, the social life, as cul-
tural attaché. I wanted to learn
these things to take home to Vene-
zuela with me.”

RETURN TO VENEZUELA

In 1954 Fernandez-Moran re-
turned to Venezuela to continue his
studies. He considers this move one
of the best he ever made: “The
tropics are amazing. They opened
my eyes to tropical medicine, the
role of viruses and insects, and
helped mold the pattern that had
started in Europe with Karl von
Frisch-—who had helped me develop
my direction in research with his
study on bees’ vision, and focused
my interest on the insect brain.

“Also, my return renewed my
love for Latin America and in-
creased my sense of indebtedness

‘l would like to catch a
fleeting glimpse of
how the brain operates
and functions’

to Venezuela,” he recalls.

In 1954 the Venezuelan govern-
ment gave Fernandez-Moran a man-
date to establish a $50-million na-
tional biological research laboratory
of his own conception. He used
the free-wheeling commission to
found the Instituto Venezolano de
Neurologia y Investigaciones Cere-
brales (IVNIC), whose aims went
far beyond those of an institution
limited to neurology and brain re-
search. He conceived of it as a
regional research center for all of
South America that would even-
tually develop into an international
training center as well.

IVNIC’s founding charter, dated
April 29, 1954, gave the institute
autonomous status. Fernandez-
Moran translated the charter into
reality with prodigious energy. For
a site, he flattened the top of a
5,000 ft. mountain seven miles from
downtown Caracas. He took title to
the site Jan. 1, 1955; by Dec. 2,
only eleven months after the first
bulldozer arrived on the scene, the
President of Venezuela came to at-
tend the opening of IVNIC’s $3-
million pilot unit. This included a
building housing six institute de-
partments, a workshop, three elec-
tron microscopes and a large li-
brary; staff residences; an 800-kW
electric power station, and a water-
supply system with a six-million-
liter artificial lake.

PUBLIC SERVICE AND EDUCATION

In 1955 and 1957 Fernandez-
Moran headed Venezuela's delega-
tions to the first Geneva Confer-
ence on Peaceful Uses of Atomic
Energy, and to the first Inter-
American Symposium on Nuclear
Energy at Brookhaven. He was
also active on the science commis-
sions of the Organization of Amer-
ican States and of UNESCO.

In 1958 he was named Minister
for Education of Venezuela. Within
10 days the nation’s president, dic-
tator Gen. Marcos Perez-Jiménez,

was ousted; Fernandez-Moran re-
mained at his post throughout the
coup—the only cabinet official to
do so. In the eyes of the new
regime he was convicted of guilt by
association and given the oppor-
tunity to “take a sabbatical.” He
has not returned to Venezuela since.

He went to Boston on leaving his
country and worked for four years
at Massachusetts General Hospital
as an associate biophysicist in neu-
rosurgery while serving as visiting
lecturer in biology at MIT and re-
search associate in neuropathology
at Harvard. In his spare time he
organized the Mixter Laboratories
for electron miecroscopy at Mass.
General, building the lab, the micro-
scope and the equipment.

In 1962 he accepted a full profes-
sorship of biophysics at the Univ.
of Chicago, a post he still holds.
(It is typical of the man, however,
that he lists his address as: “Home:
Apartado 362, Maracaibo, Vene-
zuela; Office: Dept. Biophysics,
Univ. of Chicago, Chicago.”)

CONTRIBUTIONS TO MICROSCOPY

Fernandez-Moran has devoted
much of his energy during the last
six years to his electron-microscope
laboratory, for he feels strongly
that by improving the resolution of
the electron microscope down to the
1-2 A range (he has already pene-
trated as low as 8.5 A) he will be
able to.read out molecular and
atomic structure directly, and thus
look into the essence of life itself.

“The electron microscope is the
clue to the future,” Fernandez-
Moran declares. “I think, however,
this country must get on the ball
in this area. I see the U.S. getting
into the exploration of inner space.
Conditions are ripe for the high-
voltage microscope, and the key
to high-voltage microscopy, in my
opinion, is the superconducting
electron microscope to study the
organization of membranes and key
enzymes.

“But we need to develop the tools.
What [ would like to do some day
is to catch a fleeting glimpse of how
the brain operates and functions,
to prove that the brain thinks with
atoms. But more basicallv—and
perhaps more within my grasp as
a scientist—is to see the molecular
structure of biological enzymes.
Much has been accomplished—but
we've miles to go before we sleep.”

His interests and achievements in
this area are wide, encompassing
all aspects of electron-microscope
development and use. For example,
in sample preparation, Fernandez-
Moran developed the diamond knife
and the ultramicrotome, now widely




Maracaibo to Chicago
via Stockholm—
journey of a protean scientist

by SusaN WINER, McGraw-Hill Chicago Bureau

0 ne of his generation's true
renaissance men of science,
Humberto Fernandez-Moran is so
much the renaissance man that he
does not even consider himself pri-
marily a scientist.

Biophysicist and physician, neu-
rologist and neuropathologist, au-
thority on radiation and on cell
biology, inventor of advanced elec-
tron microscopes and microscopy
techniques, founder of a laboratory
for brain research, and former
Nobel Institute of Physics research
fellow, he can yet say:

“Science has been one of many
areas for me—perhaps the unifying
concept, but not the overwhelming
one. It’s a gift, in its truest form.
But it should not, must not, be the
all-encompassing aspect of one’s
life.”

A mnative of Venezuela now living
in Chicago, Fernandez-Moran—who

despite his accomplishments is only
43—has for the last six years been
a member of the biophysics faculty
at the University of Chicago. There
he has, in the words of a colleague,
“created one of the finest electron-
microscopy laboratories in the
world.”

As a grace note to his busy career
in science, Fernandez-Moran has
also built a record of public service.
A Venezuelan patriot before all else,
he has been a diplomat, cultural
attaché and Minister of Education.
Living now in a foreign country,
he still dreams of returning to his
native land and making a contribu-
tion—by way of science and educa-
tion—to its social and economic de-
velopment and stability,

PERIPATETIC STUDENT
Born in Maracaibo in 1924, Fer-
nandez-Moran was educated in Ger-

philosopher . . .
experimenter . . .
teacher . . .
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many and entered the University of
Munich as one of the youngest stu-
dents in its history. He continued
his studies during the war, and ob-
tained his MD in 1944. In 1945 he
returned to Venezuela to become
licensed to practice under tropical
conditions, and picked up a second
MD from the Univ. of Caracas.
Then, after a year as an intern in
neurclogy and neuropathology at
George Washington Univ., Wash-
ington, D.C., he moved on—%to
Stockholm. “Sweden at that time
was one of the leading centers for
the areas I was primarily interested
in, namely neurosurgery and that
part of molecular biology linked to
physies.”

Not only did Sweden represent
for him one of the last truly free
and independent countries, but it
was also the home of the Nobel
Institutes. In 1947 Fernandez-
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“It was with this in mind that
I eagerly undertook the opportunity
to provide Venezuela—and Latin
America as a whole—with a re-
search center, a school for the study
of biophysics in the center of an
area laden with all the elements for
study, as the tropics are.”

Although he was not able to fol-
low through on his first attempt—
IVNIC—Fernandez-Moran has not
given up the idea. “I visualize a
Venezuelan Institute of Technolo-
gy,” he declares, “modelled after
MIT. And, perhaps, someday an
association of universities in Latin
America, too.”

During his period of exile, Fer-
nandez-Moran has nurtured in his
imagination the concept of a “multi-
versity,” an international univer-
gity, to meet the needs of Latin
America. Back in 1959, before
there were communications satel-
lites, he called for “continental
classrooms” in the U.S. with com-
munications satellites over the
equator, to beam course lectures to
all of South America and thus
revolutionize teaching on that con-
tinent.

Fernandez-Moran’s multiversity,
as he envisions it today, would be
an internationally-financed commu-
nity with an international faculty,
representing the professional excel-
lence of a number of countries., It
would have international class-
rooms connected by transconti-
nental electronic communications
systems; international laboratories
in which a U.S. and a Latin Amer-
ican student—each on his own
campus—could cooperate on a sci-
entific experiment; and interna-
tional repositories of information
available at electronic speed.

Fernandez-Moran foresees strong
ohjections from conservative Latin
Amerieca, on the grounds that his
scheme is premature and too radi-
cal. “My answer is very simple,”
he says. “We have tried all ap-
proaches for over 400 years; they’ve
failed. So let’s try the Archime-
dean approach in this case. Let’s
put the substance of such a univer-
sity outside of this entropic cham-
ber which is called Latin America,
until we have the proper catalyst
to make it go into a eritical mass.
That's not difficult—in fact, it is
the only way, because none of the
Latin American countries has the
requisite finance to do a good job
alone. You need billions of dollars.
So the money must come from out-
side.

“But the real reason why the
impetus must come from the out-
side is that we do not have, at this
time, a group of professors and

people who are knowledgeable and
capable of teaching. It would take
us 20 years to develop this type of
staff. But in 20 years the problem
will be completely out of bounds.
We are growing at the rate of 4%
per year and within 20 years we
will have some 700 or 800 million
people.”

CHICAGO AS SPRINGBOARD

Considered by his friends and
peers as something of a rare bird
in a white smock, Fernandez-Moran
is popular with his faculty col-
leagues and is much admired by his
students, with whom he maintains
an easy camaraderie; in his labora-
tory all are equal without distine-
tion of academic rank.

A natural linguist, Fernandez-
Moran not only speaks fluent Span-
ish, Swedish, English (without a
trace of accent), French, German
and three or four other languages,
but also has a smattering of sev-
eral additional tongues. He is able
to communicate with most of his

students in their native languages.

An enthusiastic runner and boxer
in his youth, his nose was smashed
in an undergraduate bout in Ger-
many. He still tries to run a mile
every day. He is married to a tall,
blonde Swede whom he met in his
Stockholm days, has two daughters
13 and 11, no automobile, and lives
in an apartment near the campus
decorated with furniture and arti-
facts picked up on his travels
around the world.

Although a busy speaker, Fer-
nandez-Moran never accepts honor-
ariums for talks, preferring to
earmark the money to finance the
attendance of university science
students at distant conferences. As
a result, his exceptional collection
of rare books—the nucleus of which
is a family inheritance—is periodi-
cally enhanced by many choice
items of science literature received
as gifts at speaking engagements.

“My dreams of an international
university cannot come frue un-
less I continue my work here in
Chicago,” says Fernandez-Moran.
“While this may sound somewhat
contradictory, it must be under-
stood that I need the work I am
doing here, the contacts I've made
and the people I know as friends
and peers in order to succeed.”

“I would like to see,” he says,
“a truly international sharing of
ideas, on a grand scale—an organi-
zation similar to the U.S, Asso-
ciated Universities, something that
would enlist and mobilize private
funds, ineluding the refugee funds
in Switzerland, and using retired
professors.”
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and happiness of mankind.”

Another award for Fernandez-Moran

Newest accolade accorded Humberto Fernandez-Moran is the John
Scott Medal, given by the City of Philadelphia under an 1816 bequest

from an Edinburgh chemist of that name, “to ingenious
women who make a useful invention that adds to the comfort, welfare

Fernandez-Moran received the award for his invention in the early
1950’s of the diamond knife, now an essential tool in biological and
medical research. He is the first Latin-American to receive this
honor. The presentation was scheduled for Jan. 10 in Boston at a
meeting of the American Academy of Arts & Sciences.

men and

used to cut ultrathin sections of
biological tissue for examination.
With these instruments he can cut
sections only 50 A thick—literally

cutting up individual molecules;
for instance, slicing starch into
sugar!

In addition, he has developed
thin-walled vacuum-tight chambers
that make it possible to examine
cellular materials in a condition ap-
proaching their natural hydrated
state. This extends the potential of
electron mieroscopy far beyond the
study of dried specimens and brings
the examination of solutions of
DNA within range.

Turning to electron microscope
design itself, Fernandez-Moran has
worked extensively on: lens design
—using superconducting solenoids
to produce the magnetic fields that
focus the electrons; the improve-
ment of very high vacuums and
high stability of fields—achieved
with the superconducting magnets,
among other techniques; and on
highly coherent and stable electron
sources. All of these improvements
have led to electron microscopes
that can probe down to the molec-
ular level of 2-4 A—the best resolu-
tion ever achieved, which Fernan-
dez-Moran reached recently.

ULTRAMINIATURIZATION

Fernandez-Moran’s intense curi-
osity and his ability to see across
disciplinary lines is best exemplified
by his most recent area of research.
Turning from the life sciences, he
has applied electron microscopy to
information storage and retrieval,
using the technique of ultramini-
aturization.

“Precisely the same conditions
that we have been striving for in
high-resolution electron microscopy
—very high vacuum, very hich sta-
bility of fields, shaping of fields and
high stability and coherence of the
source—are prereguisites for being
able to demagnify as well as mag-
nify: to demagnify to the point
which we have already achieved of
reducing written pictures, at one

stroke by direct imprinting, by a
factor of 10,000 to 50,000,” Fernan-
dez-Moran said at a recent meeting
of the Electron Microscope Society
of America [SR, Nov '67, 21]. “In
principle, this would permit us to
put the Library of Congress on a
sheet of typewriter paper.”

A number of improvements make
this possible. First, Fernandez-
Moran has been able to develop new
short-focal-length lenses that are
necessary for demagnification. Sec-
ond, new grainless films have been
developed that permit the reduction
of images to 100 A or less. Third,
improvements in electron sources—
some of them made in Fernandez-
Moran’s laboratory—are improving
the capability of electron miero-
scopes; point cathode sources are
essential, but are not yet developed
to the degree needed.

“Some day we must find the
equivalent of a laser for electrons,”
Fernandez-Moran says, “a highly
coherent, spatially and temporally
coherent source, just as we have
for light.”

THE SCIENTIST AS PHILOSOPHER

The notion that the practice of
science is an art and that the true
scientist is an artist is fundamental
to Fernandez-Moran, “The electron
microscope is the future’s decoder
of life,” he has said. “But first the
scientist must be able to understand
life, and to do this he must live.
For a scientist to lock himself in
a laboratory is not to practice his
art.

“Science is the most exciting ave-
nue of knowledge open to man. It
is the heights and depths of life and
the study of life. But in science, as
in anything else, one should not
have too many ‘musts’ and ‘don’ts.’
It has to be a spontaneous phe-
nomenon.”

While immersed in the myriad
detailed facets of electron micro-
scope technology, Fernandez-Moran
never loses sight of the larger pat-
terns of things. For him, the elec-
tron microscope is not an end in

itself but a tool that gives man
entry into the molecular domain,
and biophysics is the application of
such tools as the electron micro-
scope “to learn more about the or-
ganization of cells—about what
makes us tick.

“The coherence of my scientific
quest is really that I set out as a
biologist and became interested in
the brain as the ultimate in the
liaison between body and mind.
I soon found that this incredibly
complex system is really built at
the molecular level, below the micro-
scopic level. So in order to enter
into this area, I had to fashion the
tools. This was a challenge that
both fulfilled me from the point of
view of what I wanted, and ful-
filled my desires for gadgetry.”

In the preface to his as-yet un-
published book, “Elements of Bio-
molecular Organization,” Fernan-
dez-Moran succinctly develops the
premise for his interest. “Biological
ultrastructure and molecular or-
ganization are considered to be the
central unifying disciplines of the
natural sciences. The structural or-
derliness, which in many cases is a
erystalline or paracrystalline order-
liness, has been shown by electron
microscopy to extend throughout
all hierachies of organization from
the cell to the subcellular level, and
beyond this into the domain of
macromolecular assemblies.

“This new conception represents
a genuine upheaval of biological
thought. And it marks the disap-
pearance of what may be called the
colloidal conception of vital organi-
zation. By means of electron miecro-
graphs, the field of submicroscopic
cell organization and molecular bi-
clogy is suddenly gaining a life of
its own.”

THE SCIENTIST AS PATRIOT
Fernandez-Moran comes by his
love of country naturally : his father
was a state governor in Venezuela
and,one of his ancestors (General
Moran) fought with Bolivar. “I
feel very proud of having been born
in Venezuela,” he says. “But, as a
result, my life has been a sort of
dialogue between the pride of hav-
ing been born there and the tre-
mendous obligation. If you are born
as a scientist in a community that
has already paid its debt to history,
you can concentrate on doing mod-
ern science; but I have always felt
a deep sense of responsibility to
Venezuela, felt that I must be more
than just a scientist—that it should
be my task to contribute what little
I could to the country of my birth.
Not out of sentimentality, but out

of ]0V€. (continued)




By Richard Lewis

Dr. Humberto Fernandez-Moran, physician,
biologist, microscoplst and inventor, is_a, sci-
entist who warks in two worlds and resides
in two hemispheres.

In this quadruple mode, ope of his worlds
is the distant realm of the glom. He probes
it with advanced electron microscapes at
the University of Chicago.

He does not seek to split agoms but merely
to see how they arrange themselves in mole-
cules, particularly molecules of deoxyrib-
onucleic acid (DNA) which form the thread
of life. g

To this end, he has developed the electron
microscape to the point of resolving an ob-
ject only two atoms in diameger.

He hopes eventually to be able to bring
into view for the first time a single atom.

With such enormous magnification, it be-
comes possible to read the genetic code in
units of the actual chemical “letters” or
nucleotides that make up the living gene.

The outer world of Fernandez-Maran cav-
ers a good deal of the glabe and extends
beyand into outer space.

He has been a pioneer in creating educa-
tianal opportunities in his native Venezuela,

CITYSCAPE

Under & space agency conjract, he is de-
veloping a portable microscope for Project
Apolle astronauts.
It is nat designed to le{ them see microbes
the moon, but ta read-qul miniaturized
neering documents and charts in an In.
wation storage and retrigval system he
has designed.

an

|
i Typewriter .Period Size ‘=

By revising ! the emicros
tary; the sscientist can - reduce 25 I}I"lillcd
pages, each 815 by 11 inches, to fit in & space ,
n¢ Jarger than a-typewriter period. , . .

In this manner, the Apallo spagecraft’s
voliminous engineering manua! can be re-
duced to the size of a glass slide and read
with' a microscope. The system saves
weight and space,

With such slides in his pocket and the

microscope in his boor, where It

ned to be carcipd. the ronagt can

take a library to the moon, including

the engineering and navigation docu-
ments that pertain to the mission.

In “Who's Who in America,” Fernandez-
Maran lists®an interhemispheric address, His
oifice 'Is the Department of B ophysics, 5640
5. Ellis, Chicago, 60637, Home ig Apartado
J62, Maracaibo, Venezuela. He resides here
at 5807 8. Dérchester.

At age 44, Fernandez-Moran comes as close
1o the image of the Renaissance Man as one
might find on the Midway.

He is the prétiuct of three cultures — North
und South American and European, Having
served Venezuela as diplomat and public
Hicial, he bridges the gap between sclence
and government. Some of his friends be-
lieve he should run for president of Vene-
lela but he brushes away the idea. His mis-
slon is science and education.

As a neurologist, biologist, biophysicist
and; dentally, a good mechanie, he dis-

4¥s a wide range of skills, Graduate stu-
lents come to work in his laboratory from
Zurcpe and South Ameri and he can
speak fo th in their own languages. He
Portuguese, German,
swedleh, Nor an and French. His Eng-
ishis plain Chicagoese.
Generalist Among Specialists
Fernandez-Moran is a medium-sized, com-
act man with a somewhat flattened nose
rom student boxing in Germany. He likes to
Jog in the morning for exercise. He displays
he energy of a fully charged battery, and
Vs aides say he never runs down,

Born in Maracaibo, he received his ele-

$ fluent in Spanish,

ope invhis Jabora-''
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4 Institute ot ihe University of Chicaga,

mentary schooling there and in New York.
In his Lwenties, he acquired twe doctor of
medicine degrees, from the University of
Munich and the University of-Caracas. He
took a master of science degree in cell biol-
ogy and a doctor of philosaphy degree from
the- University-of Stockholm,

A passionate hooster of the future of South
America, Fernancez-Moran has served Vene- |
zuela as diplomat, scientific representative
abroad, administrator and educator. For 10
days in 1838, he was minister of education
in the regime of Gen. Marcos Perez-Jiminez,
who was ousted by a coup d'etat.

Fernandez-Moran then went to Boston
where he worked at Massachusetts General

" Hospital in neurosurgery, lectured in biology -«

at the Massachusetts Institute of Technolag;
and did research al the same time at Har-
vard. ?

In 1962, he joined the faculty of the U. of C.
where he is a generalist among many spe-
cialists, a man of all sciences, at the present
engaged in developing electron microscopy.

Fernandez-Moran is alse an inventor, He
has developed a diamond knife so tiny and
sharp that it can cut a molecule of starch
into sugar. The blade can slice specimens as
thin as 50 atoms.

Fernandez-Moran developed the technique;
for making the diamond knife at the Nobel
Institute of Physics in Stockholm, It took
him 10 years to discover how Lo put an edge:
on the blade that would cut starch or steel,.
He holds U.S. Patent No. 3,060,781 on it but
gives the blades away to scientific institu-.
tions after he makes them.

Fernandez-Moran is intrigued with the pos-
sibilities of micro-miniaturization, the reduc-
tion to the very smail. Aside from informa-
tion storage and retrieval, the process has
encrmous potential, he believes, for elec-
tronics.

In his dustless, air-conditioned laboratory,

Or. Humberio Fernandez-Moran warks with eleciron micrascope at the Férnii

(Sun-Times Photo by Duane Hall)

Fernandez-Moran is administrator, researcher
und mechanic. He switches from one (o the
other with almost electronic’ speed, justyas
he does from English to Spanish, or to Ger-
man or Swedish,

Essentially, the scientist regards his lab-
oratory as an observatory of the microcosm,
He calls It a Pico Observatory,

In the language of the melric system, the
term “micro” refers to one part in a mil
lion, Beyond this, the term ‘'nano” refers
ta one part in a billion, and beyond this,
“pico” to one part in a trillion.

“If you want ta catch fish,” said Fernan.
dez-Moran, “you have to use a net with a
mesh that is smaller than the fish. Light
es us with a net with mesh that is
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the negatively charged component OF A
atom. An electron is 100,000 times shorter
than the shartest wave length of visible |

“With electrons,” said the microscopist,
“we have a nel to catch the fish we wani.
The smallest fish.”

While it is 30 years ald, the electron micro-
scope, which illuminates the target material
with an electron beam instead of a beam of
light, has a long way to go 1o reach its full
potential.

That is the premise on which Fernandez-
Moran's electran microscope laboratory fs
based. He is experimenting with ideas- for
improving resolution,

Wiggles Eliminated

By Immersing the working parts of the elec-
tron microscope in a tank of liquid helium
al 450 degrees below zero Fahrenbeit, Fer-
nandez-Moran said, he can create a lens
that is absolutely rigid. In this super-cold
medium, the infinitesimal “wiggles” of the
magnification system are eliminated — and
s0 is much of the distortion in the insiru-
ment.

The requiremenls are no less exacting
than those for the huge radio telescopes.
which must be shielded even from: auto
ignition.

There are nine electron microscopes in the’
laboratory. Each is fed by current that does
not vary by as much as one part in pne
million. Ta achieve this, Fernandez-Moran
has arranged to get electric power from :
specially designed generator. Tts volt
put is regulated and r ed by a camputer,

the electran micra-
on cor slahs
by springs in floor
 precantions:

Ta eliminate vibration
scopes are  maounie
which are susper
weils. There are ath

The air “copdjtioner
and humidity with hig
tion ducts are made o© stamn-
less stecl. Incandescent rathe g cres: .
cent lamps are used 1o reduce electromag-
netic interference.
ahepent~wires: appnlinces-unatswienks-

are shielded. Dust is minimal. Even the
doors are dust-proofed, They swing on ball
bearing hinges to prevent metal dust from
being generated by the friction of standard
hinges.
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Under ideal conditions, Fernandez-Moran
and his aides can achieve 2,500,000 magni-
fications with the cyrogenic (super cold)
electron microscopes. He is confident he is
shaping a powerful tool in man’s quest 1o
see Lhe basic organization of living cells,

“It represents the ultimate, i
sion of the human eye and hand,
“It enahles one w0 poke a finger into
dimensions. We may find new ¢
of seeing and doing in the microcosmic
mains which still elude the

exten,
he saic
atomi
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