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Introduction

At present the photosynthetic reaction centers of
Rhodobacter viridis and sphaeroidea‘are the only membrans
proteins for which the structures have been determined to
atomic resoluticn {Deisenhofer et.al. }984; Deiserhofer et.
al. 199%5; Allen et. al. 1987 ; Allen et. al. 1997 ). The
atomic étructure of the Rﬁodobactef sphaeroides reaction
center was determined with the aid of the phase information
derived from the sclution of the viridis structure. Solving
the viridis étructure, for which the Nobel prize ih
chemistry for 1988 was awarded, was accomplished wiéh the
.use of X—ray crystallographic technigues an
three—~dimensional crystals composed of protein-de@ergent
complemes; Other membrane proteirns, such as OmpF porin and
bacteriocrhodopsin (bR), have been crystallized for X-ray
study. Unfortunately, progress on determining the atomic
structures of these proteins has suffered due to a lack of
high resolutiqn order in crystals of the native proteins
(eg bR) or due to difficulties im obtaining WQLI crdered
crystals of protein heavy atom derivetives (eg OmpF'porin)

(R.M. Baravito; EB.K. Jap personal communication).

As the "hard" knowledge base of the atomic structure of
membr xne proteins currently emits; it iz soulely comprised

of the results of the X-ray studi=s on Rhodobacter



photosvnthelic reaction centers. The range of membrane
protein function 1s vast, and includes roles in energy
transduction; passive, facilitated and active transport;
ard transmembrane signalling. The structural schemesg for
organizing peptides into functional membrane "machines'
Qill undoubtedl vy be A wide ranging. Fresently, '"rules” or
algorithms for predicting whether peptides will assume &

certain loucal conformatiorn, helicel versus beta—-shest for

h

Emample,‘in arn environment of some assumed polarity are
overwhelmingly based on studies of soluble proteins.
Obviously, if the ability to predict or assess the
structure and 4uhction of membrane proteins is‘to 1mprove,

structural data from many membrane proteins will be needed.
Electron crystal lography, an alternative

Another approach to studying the structure of membrane
proteins is the use of electron :rystallography. Due to
the strength of the scattering ipteraction betweern the
specimen and the electron beam, electrorn crystallography is
ideally suited for the observation of monolaver crystals.
Mwnolayeﬁ (ome unit cell thick) crystals as small as 1-10
micrometere in diemeter have provided high resoclution
structural information for a number of membrane proteins
ﬁHenderson et. al. 1924; Henderson ét. gl. 1988 ;
Fuhlbrandt and Downing 1989:; Jap EB.E. 1989). Frotocols to

form crystals of this type typically recuire protein



quantities ofvthe‘order of 1 milligram, whereas prwfucolg
design=ad to geherate‘three~dimen5ional crystals suitable
for X-ray studies may require & thousamd fold more protein.
Thus, electron crystallography could be a distinct
advantage when working with low-vield membrane protein
systens. Resides allowing one to work with smaller
gquantities of protein, lipid bilayers offer an ideal
chiemical and physical emv1ronment‘+or studying membrane
pfoteins. An additiornal advantage of the use of electrﬁn
crystallograph? for membrane protein structure
determination is that the creation of heavy atom
derivatives is not required to determine structure factor
phases; phase information is obtained directly from

electron micrograph images.
Why study FhoE porin?

Dr. Bing Jap has crystallized FhoE pore—forming protein
(porin) from the outer membrane . of Escherichia caoli (E.
coli) into monolayer crystals. The findings of this thesis
research and those of Jap (1988,1989) have determined thecse
crystals to be Highly ordered, vielding structural
information to a resclution of better than 2.8 angstroms.
FRoE porin shares strong homologies with the major outer
membrane porims‘of E. coli and Salmonzlla typhimurium (8.

typhiomurium), OmpF and OmpC. These similarities include not

cnly general low resolution stuctural features and

—



function, but & high degree of correlation (better than &0

percent) in amino acid seqguerce. The porins as & ol

)]

.55 of
prateiﬁs have been studied intensively and & wealth of
information addressing their biochemical and
electrophvsiclogical properties esnxists. Spectroscopié
cstudies have found thesg proteime to be rich in beta-sheet

structur e, Indications are that FhoE poring as well as the

system with which to study the structure and functiaonal

properties of "simple" transmembrane channels.

A1l of these notions reinforce our opirnion that the time is
right for attehpéing to determine the higw resclution
£Hree—dimensional structure of FPhoE porin. My task in tﬁis
thesis has been to collect and process the electron
diffraction patterns necessary to genérate a complete
three~dimensional set of high resolution structure factor
amplitudes of FhoE porin; Fourier processing of these
amplitudes when combined with the correspornding phase data
is expected to yield the three—diménsional étucture of FhoE

g

porin at better tharn 3.2 angstroms rzsclution,



Section I

EBEACKGROUND

1.1, The outer-membranes of gram—-negative hacteria

The outer membranes of gram—negative bacteria serve-as the
"dront lire" of traffic management for solutes entering and
‘leaving the host céll. They are protein—fmpragnated lipid
bilavers in which the component lipidg are partitioned in
an asymmetric manrer. In wild typé organisms, the lipid
componenf7of this membrame”s guter (éwtracellular) leaflet
is xcluéiveyy lipopolysacchride while the inner
(periplasmic) leaflet of this bilaver is composed of more
convehtimnal lipids such as phosphatidylethanolamine and
phosphétidylglycerul, commonly found‘in plasma‘memhranes.
The head groups of these lipopolysacchrides have a strong
a%finity for divalent cations like Ca++ for example, and
given sufficient concentraﬁions of these icns, ﬁhe
outer-membrane can form quite & formidable permeability
ybarrier via‘this head group/salt bridge network (Nikaido
and Vaara 1983). It is the addition of pore—fbrmiﬁg
proteins (porims), that gives the outer-membrane its useful
permeability, albeit in a regulated fashiomn. The porins,

of which FhoE porin is but one, represent a significant
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fraction of the tatal cuter~membrane orotein. Two other
proteins, murein liboprotéin arnd Omp A (in the specific
euémples of E; coli and S. typhimurium) comprise the
remainder of the major outer-membrane proteins. A general
architecture of the outer membranme Shared among the

spectrum of gram—negative bacteria is depicted in figure 1.

OmpA is believed to exist im monomeric form in the
Duter—MEmbrane, ard it has & molecular weighf‘of
approximately T3 kD. Although‘it does not éeem to
self—aggregate irn gignificant numbers in the membrane: (Ueki
et. al. 1970 ), it is freqguently isolated as & complex with
murein lipoprotein (Falva- 1279 ). OmpA appears to have &
significant portion of its mass located in the periplasm
(Chen et. al. 1980 ). From permeability and transport |
studies of wild type and mutant OmpA producing bacteria,
OmpA abpears to be of imbortance in'maintaining normal
rates of transport through the outer-membranme but not as &
specific channel-former itself (Manninmg et. &l. 1977 3
Nikaido et. al. 1977). The most probable functiorm of this
protein abpears to be in ensuring the structural stability
0f the outer membrare (Manning and Achtman 1979 ).
Spectroscopic studies indicate that these proteins have &

high beta-sheet content (Nakamura and Mizushima 1976).
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Figure 1. Structural overview of the outer membrarne and

assogiated structures. The lipid bilayer of the outer

membrane is of asvmmetric design. The outer leaflet of the.

bilayer is composed exclusively of lipopolysaccharide while
the inner leaflet is composed of phospholipids. The cuter
membrane is studded with many prdteins of which the porins
comprise the mejor fraction. Omph and murein lipoprotein
are there in lower numbers and help to "anchor” the outer

membirane to the pepticoglycan.
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Another important constituent of the outer membrane is
murein lipoprotein. This lipoprotein has an apparant

molecular weight of about 7 ED. Its structure appears to

it
o

be that of an alpha-helical protein covalently attached
fatty acid chaing, allowing this hydrophqbic tail to
partition into the inmner leaftlet of the bilayer while
exposing the protein domain to the periplesm (Braun et. al.
1974) . | Although most of the lipoprotein isolated #rom the
outer-membrane is aveailable in & “free"‘state, & gizable
amourt (abqut one-third) is found to be covalently bourd to
the peptidoglycan of the periplasm (Inouye et. &al. 1272).
Again, as in the case of OmpA, these proteins appear to
have a role in maintaining the structural stability of the

outer membrane.

‘An outer membrane’s permeability can be adjusted to
accomodate changes in enviromental conditions by altering
the number and type of its porin population. Instead of
Felying on one specific pore type, the outer membrane is
host to & spectrum of porins, with each type addirng its ownm
permeability/selectivity characteristics to the membrane’s
net permeabililty profile. The porins achieve this variesty
of permeability-through a combination of pore si:ze,
distr;bution of charged and polar amino acids, and in some
cases substrate specific binding sites. When & challenge
such as ﬁhosphate starvation is presented.to bacteria such

as E. ccli and Pseudomonas aeruginosa (F. aseruginosa), both
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respond by elevating their outer-membrane popglatimn of an
anion'preferential porin. Even though identical
environmental challenges were applied to the bacteria, the
two respanq with different "sclutions". E. coli would
elevate the percentage of its general purpose anion
selective porin, PhDE; FhoE pmrin.nas as 1ts basgic
functional unit a trimer of pores or channels (Jap 1989 ).
Fo asruginosa would increase its outer-membrane bopulatian
of protein F. This is a phasphate specific porin with
monomers as thelr basic functional unit (Hancock and Benc
1986) . Although there are no specific’'rules on how &
porin must be designed to meet the particular‘needs of &
hoét bacterium, common design themes have been +ound.
These will be reviewed in the following subsections, with

specific emphasis on the porins of E. coli.

1.2 Forins of Escherichia coli

The pofins of gram—-negative bacteria can be catagorizad as
being cation selective, anion selective and/or solute
specific, In addition to providing transport routes
through the outer membrane, the porins also serve as phage
receptor sites (Datta et. al. 1977). Although & great
variety ot porins exist among gram—negative bacteria, many

share common physical properties and structural



ciaracteristics. It is these generalized propertises that
make these porins ideal model svstems for studying and
characterizing ian transport through channels. For my
thesis research I have choseﬁ to study FhoE porin, an amion
selective porin i5G1ated from the cuter membrane of
Escherichia coli. Eefore discussing further details
specific £Q FrhoE, T would like to survey the poring of

primary intluence in Escherichia coli.

The major porins of Escherichia coli are considered to bé
thC and OmpF. The letters "omp" in their designated
names is an abbreviation for "outer membrane protein'.
Both of these porins are general purpose cation selective
but not to the point of excluding anions. Anions can
diffuse through these‘pores at significantly reduced rates
as compared to cations. No specific solute selectivity has
been found im these porins. Althouah both OmpF and OmpC are
found in the outer membrane of wild type strains under
'nmrmal conditions, OmpF is found in higher guantities than
OmpC. Under conditions of osmetic stress this relationship
is reversed with OmpC being expressed irn higher rnumbers
(Nikaido and Vaara 198%). FhoE porin, an anion selective
porin, is under normal conditions expressed in low numbers.
Under conditians of phosphate starvation, hence the source
of the "pho" part of its Hame, its expression into the
outer membrane 1s greatly increacsed, elevating phosphate

uptake. This porin, while preferential to anions, is also



rnon—exclusive for anion di#%usian and will accommodate the
tfanspmrt of cations; although not as efficiently as OmpF
and QmpC. Aiso present in reascnably large concentratians
is LamB porin, the “1am“ segment of its name referring to
ite ability to act as a receptor for lambda phage. This
porin is aﬁ example of a substrate specific chamnel. In the
caze of Lami porin the specific substrate is méifose
(HaZelbauer 1973; Szmelcman and’Ho¥nung 1975 Luckey and

Nikaido 1980 ).



1.7 Fhveical anc Chemicsl Froperties
1.2.1 Fare Exclusion Limits and Rates of Fermeabilitv

Variouws techriigues have been appli=d in the
charatterinatiom of  the ftrarmsport propertiss of F.o coli
porins.  Some of the first experiments utilized porins
recorstituted iﬁtﬁ liposomes to study the ciftusion of
zolutes through the pores. Ore criterion useful in
cumbaring the functional charcterietices of differernt poring
is the exclusion liﬁit cf the porin channels. Experiments
canducted with porim-impregnated liposomes can test for the
ability of a solute to pass through the vesicle bilavers.
These tests were perfomed using radioiébeled solut95;
surveying a range of molecular weights, encapsulated in the
vesicles during the process of liposome formatiorm. In
addition to the solutizs being evaluaéed, trapped inside the
vesicles were also larger porin-impermeable substarces
labeled with a different radicisotope. These vesicles were
then transferred to a sizing column. The column migration

af solutes able to pass through the porin porss would be

much slower tharn that of the liposomes themselves, allowing
for & compareati ve aralysis of the rediocisotope ratio
contairned in the liposomes af-er slution. For the major E.
coli and S. typhimw-ium porins OmpF and OmpC., the upper
melecud s welght of solutes able to pess through the pores

fell into & range of 500 to 700 daltons. ( MNakae 197&a:
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Décad ana Nikaide 1978y Nakae 197&b). ‘Forih pore limiting
diameters were then estimated From the calculated, Stokes
radii of solutes falling in the range of a porin’s exclusion
‘limit. FEased on erperiments with the porins of Escherithia

coli and Salmonella typhimuwrium , mesimum pore diametere in

the rarge of 11 to 12 amgshiroms nave beern predicted.

flthough the liposome efflud/diffusion azsays described
above wera usetftul iﬁ determining the molécu]ar welght upper
limits of sclutes able to diffuse through porin pores,
‘they did not have the ability to resolve time deperndent
characteristics of the pores, such as the sclute dependent
pefmeaﬁilty rates. To study these parameters liposome
swelling assays were performed. (Luckey and Nikaido 1980;
Nilkaido and Rosenberg 19831l; Nikaido and Rosentberg 1927) Ir
these exﬁeriments porin impregrnated liposomes are
reconstituted so as to entrap large impermeable molecules
such as dextran. Thegse vesicles are then transferred to an
isotonic solution of the solute whose porin permeability is
to be assaved. Solutes able to diffuse through the rpores
of the porins incorperated into the liposome Qilayer;
increase the total solute concentation inwside the
liposomes. AR osmotic gradient is estabilished which in turn
promotes the influw of water causing the liposomes to
swell. This swelling can be monitored bv measurement of the
liposome contasining sclutions ability to scattef light.

Reiative solute permeability rates are then derivea



directly ftrom the liposoms swelling rate data of the

b ol
D
mn

specific zoluw assayed. Due to experimental difficulties

inm separatimg'the effects of the coupled movemsnts of
di$¥eremtvbu4¥er ions from those of charged test solutes,
the liposome swelling assay ig most reliably applied in
permeability ztudies of wuncharged solutes (Nikaido aeid

- .

150 For solute-rnonspecitic porins it hes baen

g
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éhmwﬁ‘that the valugs for the logerithm of the relative
zolute perm@abil;tieé decrz=ase ljmaarly with an increase in
solﬁte malecular weight (Niksido and Rosenterg 198150,
fEstimatés of pore size based on these measurements of
relative permeability Qere calculated using eguations
describing & physical modél developed by Renkin (1%954).
Fore diameters of 10.8 and 10.6 angstroms for E. coli OmpC
and FhoE respectively, 1l.& angstroms for E. coli OmpF
(Nikaido and Roserberg 1?83) and 20 angstroms for protein F
of F. aeruginosa (Yoshimura et. al. 1987) have been proposed
based on this gereral approach. For a comparison of pore
vires based on this and other experimental techrniques see -

Table 1 inm section 1.3.2.1.

Experimente on porin pore permeablility have also been made
on intact bacteria. The method emploved here has been to
monitor the rate of hydrolysis of sclutes in the medium
irnto which the bacteria have been placed. Beta-lactam
antibiotics have beern solutes evaluated with this

experimental protocol. Hydrolyzis of these antibiotics



experimental protocol. Hydwolysis of these artibiotics
talkes place in the periplasm where the beta-lactam erzymes
exist.  Quter Membrane permeation and enzymatic breakdown
o+‘theisolute in guestion can be modeled as two independent
processes, uptake governed by si@ple diffusion as decribed
by Fick a %ir%t law and subaﬁrate hydrolysis by
Michaelistehten kinetics (ﬁimmerman and Rossgelet 1977 ;
Sawal et., al. 1977). Laboratory méasurad solute hydrolysis
rates can ﬁhere%ore be de;émposed into separate rate.
contributions from each step, vielding arm estimate of porin
pore pérmeability. The ?inding that porin deficient
mutants suffer ub to a 100-fpold reduction in beta-lactam
permeation emphasizes the existence of an in vivo role ?or

porim in outer membrare permeability.



2 Forin Channel Conductance amd Gating

Another approach to studyihg permeability properties of

porin is the use of black lipid bilaver svstems. These

experiments use & vessel, made of a hydrophobic‘materi 1
such as teflon or polvcarbonate piaﬁtic,.which is
partitioned‘into two chambers by a harrier or membrane
which 1s also hydrophobic irm mature. This barrier has &
small Centrally‘ldcated hole usually & ¥ew hundred
micrometers‘im diameter. It 15 across this small hole that
lipid bilayers are established and the proteins of
interest, in this case porins, inserted. Buffer medium
fills each chamber bathing the bilayer from both sides
providing a conductance path between electrodes placed in
each chamber. Through the use of these electrodes,
potential differences can be applied across thé libid
bilayer and conductance measured. Several methods for
generating porin containing black lipid membranes have been
described (Bernz et. al. 19783 Young et. al. 1987 3 Cohen
et. al. 1982 ;3 Schindler and Repsenbusch 1978; Schindler and

Rosenbusch 1981).

In the many ELM experiments performed on porins one of the

key issues examined was whether porin channels are voltage
gated. The results of these investigations are varied with

not all researchers reporting evidernce of channel gating.

Investigators who reportecd no eQidence of porin channel



veltage dependent oating‘ indicated that their experimental
data effectively contained arly cmnductance imcreaaés
reflecting pofin insér£imn5 into the bilavers. Decreases in
conducﬁance,‘althaugh observed were ciled as a rare
mc&uren:e and as such dismissed as the result of porin
iNactivatimn in response to applied potentiels sapproaching
t%@ breakdown limit of the membrane‘(Benz 198% 4 Hancock
1987). Other investigators have aemonstrated‘that‘not anly
can conductance increases be regularly observed, but |
voltage dependent”gating of the porin chanﬁela can be as
well (Schindler and Rcsenbusch.1978,1981; Mauro et. al.
1988; Dargent et. al. 1984; Xu et. al. 1986 ). In these
erperiments one can also.find ample evidence to support the
corclusion that conductance decreases are quantized in
fractions of the“porin single unit open state conductance.
For example, an open state conductance of 1.7-2 nS per FhoE
porin trimer bhas been reported (Benz et. al. 198%5; Dargent
et. al. 198B6) while step-wise conductance decrements of
about ©.%5 nS were alsc reported by Dargent et. al. For FhoE
thisg in%ﬁrmation therefore describes & porin trimer in
which each monomer channel has a conductance of one—-third
the total conductance of the trimer in itz fully “"opern"

state.

The apparent inability of certain researchers to detect
porin channel closings on a regular and reliable basis

appears to be due to the experimental procedures emploved.
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Typical in the protocels of the many researchers who have
reported ﬁbservations of channel closures, detergent
solubilzed porin is added fo one m%'the fwe BLM vesicle
chambers‘after'the’Formation af & ELM. After application of
an initial m@mbﬁane pctenﬁial,tm accelerate incorporation
of porin inte the Eilayer, the polarity of the appiied‘
potential i1 reversed and the wnitary closing regponse
recorded.  Henz and c@l]aboratmrs Pepmrt‘that they would add
aclgbilized Dorin to their apparatus’ chambers before or
atter ¥orMation of & BLM (Benz et. al. 1285 ). They would
then apply & membrane potential and cbserve, almost
exclusively, conductance increases regardless of the
polarity of the membrane potential. Similar behaviof has
also been observed by researchers who have bbserved channgl
élosinga. This behavior could be observed when., if upon
breakage of a BLM after the addition of porin, & new
membrane was ”pa;nted” on and the experimant continued; if
parin was added to the ELM chamber prior to establishment
cof a bilaver; if porin'was originally added to the chémbers
on both sides of the membrane; if the vessel was ot
cleahed‘fastidiously between expetlments Dr“&% &
concentratiorn of solubilized poran nigher than what was
needed to generate a minimum number of incorporation events '

was used (V. Vacata and H. Lecear, personal commurmication?.

Trese observations appear to indizate that in 2 given

experiment the Lullh of detergernt solubilzed porins added to



one chamber of a test vessel are, under the indluence of an
apﬁlied "imgertion” voltage, directionally inserted into
‘thg ELM bilaver. One explanation for this would be that
detergent solubilized porins bear é consistent asymmetric
distribution of charge causiﬁg them to respond as diholes
uncler the in%luence of an applied electric field. I+ ore
were te place*auch salubilized porin on both sides of =2 BLM‘
Eilayer ther regarcdless of the polafity d¥ the applisd
membrane potential one would detect conductance increases.
Congidéring that insertion events cccur very rapidly with‘
respect to typical times reported for channel closings, it
is very Understandable that even‘for experimental
recordings many minutes in duration it would be very
difficult to detect chamnel closings on & background of

rapid conductance increases.

It has been argued that the reported voltage-dependent

gating of E. coli porins are simply porin inactivations due
to protein breakdown. The recordings for the porimns OmpF,
OmpC and FhoE repeatedly show conductance decreases in steps
of approvimately one-third the peak (open fLrimer! conductance.
It is highly doubtful that & random process such as protein
denaturation would occur in such a consistent and orderly
fashion. Anotﬁer hallmark of voltage gating is the presence
of reversiﬁilitv irn ‘the process. Indications of reversibility
in the closing of the porin channels is evidernt in many of

the recordings of porin channel closings. In these

-y
w !



:
21

[y

recordings one can usuelly find stetes of the porin where
the QDnductance is temporarily oscillating between
condQctance decreése steps strongly 1ndiéating
rever%ibility irn the gating process (Schindler and

Rosenbusch 1978,1981: Dargent e=t. al. 1%8&; Mauwroc et. &l.
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Figure 2. Idealized representation of & tvpical unitary
Fespcnse fbr parimns in a Black Lipid Membrane experiment.
This cartoon captures the essential features seen in
tracings of porim voltage dependent gating (Mauro et. al.
1988; Dargent et. al. 1986; Engel et. al. 198%). The
unitary response begihs with an initial rise in conductance
due toc the potential applied across tﬁe porin in its oper
state. Following this initial rise the conductance
decreases in step-wise fashion in increments of one-third
the peak (open state) cormductance. The time intervals
between conductance step decreases is typically orn the
arder of hundreds of milliseconds and is not comstant.

Also  frequently seen are transient or incomplete step

decreases 1in the form of spike-like cornductance decreases.
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1.7.2.1 Fore Size Determination From EBLM Data

The impartance of these differing Qbservations and
cunclusi&ns is evident not only in the evaluation of the
existence of a reversible voltage dependent channel claosing
mechanism for porins-incorporéted into black lipid
membrarnes, but also in the estimates of channel pore sizes
based on the ELM‘aerivéd conductances. Many porins have
been found to display conductances which relate limearly to
the specific ;ohductance of the ELM bathing medium,
reflecting the béhavior one would empéct from a simple,
‘Dhmic, water—Filied pore. If one makes ihe assumption that
the porin chénnels can be reasonably modeled as uniform
cylinders, then one can use the %bllowing relation which
scales the measured single unit conductance to the specific
conductance in a linear fashion based on the geometry of

the cylinder—-like pore:

N

nR
L

al>

Egquation 1

where f\ and Q are the single unit and specific conductance
respectively. L is the length and R is the radius of the

cylindrical pore.



Estimates of the pore diameters made for three E. coli porins,

OmpF., OmpC and FhoE, based on measured conductances (Benz

et. al. 1985) and equation 1 along with pore size estimates
based on liposome studies are listed in Table 1. For the ELM
based estimates the authors assumed & value of 60 A for the

length of the cylindrical pore.



TRELE

FORE DIAMETER ESTIMATES (ANGSTROMS)

(LISTED UNDER RESFECTIVE DATA SCOURCE)

L IFOSOME EXFS. o ELM EXFS.
E.coli EXCLUSION FERMEABILITY EASED ON CONDUCTAMNCE
FORIN LIMITS a  RATES b INCREASES «
OmpF 11.3 11.6 | 11.5
OmpC 11.73 10.8 10,2
FhoE 11.= | 10.6 | 11.2

&) NAKAE 1976a
'b) NIKAIDD AND ROSENEERG 1987

c) BEMZ et. &l. 1985



1.3.3 Reassegssment of Fore Size Estimates

THere exists a misnomer in the porin BLM literature.
Various reseatrchers have beeh referring to 'BLM measured
porin trimer conductaﬁces as single channel conductances.
These should be referred to as single unit or trimer
conductanceé. The porin trimers 54 FhoE have beern shown to
consist‘of three wndeperdent water—filled channels (Jap
1989); ELM studies of FhoE have shown channel closings,
marifested a8 conductance decreases, in three steps of
one-third the peak trimer conductance per step (Dargent
et.al. 1984). Indeed similar observations have been made‘
for the major E. coli porins OmpF and OmpC (Engel et. al.
1985; Xu et. all 1987). The issue was clouded upon
publication of electron crystallagraphy studies done on
negatively stained double bilayer crystals of OmpF porin
(Erngel et. al. 1985). The authors concluded that these porin
trimers consisted of three channels which mergéd mi dway
through the protein and emerged gsva single chanrmel on the
protein's opposite end. It is possible that the
combinatiorn of working with stacked bilavyers at a
reconstruction resnmlution lower than that trealizred in the
study of PhoE (Jap 1989) led to an interpretation of a
structure very different from that indicated for FhoE. The
existence 6& such & radical difference in structure and
tlesign between the major porins of E. coli and FhoE isc

difficult to reconcile in light of the strong homology in



amino acid sequenea between «ll three proteins. Even hore
cornvincing of the requirement for extensive étructural
similarity betweern these proteins is the fact that moromers
of all thfee porins can intefchange with ore amother to
form all possible permutaticne of mixed monomer porin
reterotrimers (Gelring and Nitaido 198% ). So thern, there
are many arguments in favor of étrong strucrtural
zimilarities between the porins UmpF, Ompl and FhoE and
subsequently for a common mechanism of voltage dependent

gatin

[in]

Channel pore diameter estimates determined from cornductances

measured in BLM experiments should therefore be based on
one—third the value of the reported fsingle channel" {(porin
trimer open state) conductances. When such an analyeis is
performed one cbtains the reéults listed in Table two.
These new values include ones based on the cylindrical poré
length used in the literature, 60 A, and another set
derived using & length of 43 A which more cldsely fite the
resulcs from electron cryatallagraphy‘bf negatively stained
specimens (Jap 1989). What one immediately notices is that
these revised estimates ot the pore diameters do rmot
compare well with the values derived from liposome swelling
anc effluwi/exclusion experiments. Althouah these rew
estimates are based 50 the appropriate conductances, thev
must still be considered as umdereatimat@ons of the porin

pore diamsters (H. Lecar, personal communicatior). Sources

oy o
o

o
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of potential‘error in estimating pore diameters #rwml
conductance measuwements afe parin structuwal deviations , Y
from the assumed cylindrical pore geometry, estimation of
the pore’s length and tﬁe éssumption that the experimental
éystem’a bulk cenductance applies to the chanmel interiar,
especially for splutes that approach the sxclusion limit.
The adguracy of the estimates could be significamtly
improved by compensating for the contributioﬁs of other
effects hpt includéd.in-Lhe standard methodology such as
contributions to chanmnel conductance associated with Eolﬁte
access to the pore mouths (Hille, 1954), the energetics of
tranéferring a molecule from a medium of one dielectric
constant to that of another (Born energy!) and solute/channel

interactions.



TABLE =

MODIFIED ELM-BASED FORIN FORE DIAMETER (&)

{ bazed on single step conductance decreases &) )

Assumed . Channel Length

6Q A 43 A

OmpF 6.4 (5=7) 5.7
OmpC 5.9 (5-6) 5.1
FPhoE 6.3 (5-7) Z.b
&) The numbers given represent the average value obtained

upon consideration of results reported for a varietyv of
different diffusing ions and concentrations used (Eenz &t.
al. 198%3). The numbers in the parentheses reflect the
rangé of conductances measured aéross the variety of salts

used.



The pore diameters predicted from liposome swellirng
mperimeﬁts were determined by‘bést fitting the Renkin
equation (Remkin 1934) to tha‘pmrin permeabilty rates
measured for various solutes (Nikaido and Rosenberg, 1981
Nikaido and Roserberg, 1983). As seen in column two of
Table one, the estimates mbtéined from exparimants with
OmpF, OmpC and FhoE porins lie in a range of 10 - 12 A.
A is‘the_caSé for EBELM baszed estimafes,‘d&Qmation of the
true channel geometry from that of a constant diameter
‘cylinder could affect the accuracy of pore diameters
predicted. Additionélly, the use of a Stokes radius as an
estimate‘for the radius of a test solute needed to apply
the Fenkin eguation could cause an overestimatiorn of the
éhannel’s pore size, Error in pore size pred;ctions can
also arise from inaccuracy in the value of the membrane
thickness used to caluclate permeabilty coefficients +from

the Renkin equation results.

In an assessment of exclusion limit based‘estiﬁates of E.
coli and S. typhimurium porin pore‘diameters, i£ is
important to note that these values are derived +rom the
Stokes radius of the'excluded solute, in this case
raffinose (Nakae 1927&a,b). It is possible, however; that
the eﬁclugion limit of & hydrophilic pore’s constricting
region is determined by the diameter of the dehvdrated
torm of the largest molecule able to diffuse through Lhe

porin im question, Diffusion through a porin channel of a

-“r
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Fvdrophilic molecule close in sizé to the pore’s sxclusion
limit, would bé realized if the solute in guesticon could
grchange hvdrogen bonds initially madé with the hydrating
shell of water for those that could be made between
dehydrated‘solute and the chemical groups lining the
"wall" of the charmnel cmnatrictimmn‘lmeallyﬂ this test
solute would be spherical in shape allowing for & direct
asgsessmant o? pore diameter. Unfortunétely, few of the
thany soluteg assaved evern come close to diﬁplaying'this
geometiry. There$6re, i interpreting the results and
conclusions of these exclusion limit investigatidns one
needs to take into accounf the sterics involved in solute

diffusion through the porin pores.

Raffinose, a linmear trimer containing three hexose units, is
essentially cylindrical im shape with a diameter very
similar tc that of glucose. The major porins of E. coli are
rot., in fact, impermeable to raffinose (Decad and Nikaido
197&) but there is a dramatic differernce in porin
permeability of raffinose compared to glucose. Although the
narrowest dimension of glucose and raffimose are comparable,
thermal motions along the lengih of raffinose would cause it
to sweep out a larger volume of space, effectively
presenting a wider diameter solute to the porin pore: The
net effect of this impediment would be the rFeguirement that
molecules of raffinose would literally have to "worm'" their

way through the channgls. In liposome swelling studies 1t



I
was demonstrated that although swi ltes may have similar
molecular weights, they may have 5igni¥icamt1; difterent
rates of porin permeability kNiuaiqu et al. 1983). This is
an indication that for solutes of similar molecular weilght,
vet dissimilar porin permeabilities, slower permeating ones
must be geometrically closer to the pore’s “wcluaionylimiﬁ
thearn ones permeating more rapidly. Mikaldo arnd co-workers
(Hih;idu et al. 1983) roted a halving in relative rates of
porin ﬁermeability qgoing from L—arabinose.(a pentose) to
‘D-glucose (a hexose). Disaccharides evaluated in the same
series of experiments demonstrated even greater reductions
in permeability while having the same effective
cruss—sectional aiameter as glucose. Hydrated glucose has
&n approximate diameter of 8.3 A. It's relat;ve
permeability indicates that it is very close in size to the
gsteric limit of the channel constriction. wperiments with
zwitterionic cephal osporins, having an approximate mirimum
cdiameter of about 7 A, demaonstrated that they can pass
through porin pores with relative eacse. It was also noted
that very hydrophobic cephalosporins, again with an
appr‘ximate mimnimum diameter of 7 A, did not diffuse
through the pores (H. Nikaido, personnal communications;
Nikeido et. al. 1983; Nikalido and Rosenberg 1983). Inm
water, hydrophobic molecules like these are believed to be
surrounded by & "cage'" of ordered water molecules. In a
porin pore the removal of this water, for hydrogen bond

gichange with atome of the channel walls, would be an
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energetically unfavorable pProcess. For molecules

sterically unable to pass through the pore without
"shedding" associated‘water this would present a formidable
pérmeability barrier. It appears therefore, that the
minimum diameter of the water "caged" version of these
Rydrophobic cephalosporins exéeeds the dimensions of tHe

pore’s constriction region.

To summarize, the pore diameters estimated from the
conductance contibutions of single channels are, on
average, significantly lower than those diameters p?edicted
from permeability rate and exclusion limit data. With an
assumed channel length of &0 A, the largest pore diameter
predicted from the appropriate BLM data was 6.458 A for OmpF
porin. Even this valQe is less than the approximate 7 A
minimum diameter of‘zwitterionic cephalosporins shown to be
able to diffuse rather eésily thrbugh porin channel s,
including OmpF. Fore diameter estimates derived from
permeability rate stud;és of QOmpF, OmpC and FhoE fall into
a range of 10 - 12 A. The current exclusion limit data
appears té be more appropriate for indicating aﬁ uﬁper ard
lower bound for pore diameter estimates rather than one
particular value. An esﬁimated range suggested by
experiments with cephalosporins is a lower bound of 7 A and
an upper bound described as the minimum diameter of a water

"caged" hydrophobic cephalosporin.
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L3004 Forin Voltage Gating in ifntaczt Cel

T

= conmtraversy ot 5 as & result

11

different hind alzo anis
of the BLM measuwreaments con porin conductance, it concerns
whether the prapasriy of voltage regulated conductance is

~1

S

i

v an in vitro phenomenon. Eilayers uWsed in the EBLM

1

differ significanmtliy rom those of Sacteria

i
[

arocariment
outer membr-anes with respect to lipid composzition and
distrioution. These difterences 14 turn might affect the
physical and structural properties of the bilayer including
the porins within it. An additiomal concern is the
magritud= of the applied membrane potehtial required to
achlieve stepwise conductarice decrgases. Channel closings
in PhoE trimers were found to begin at aboutr 80 mV (Dérgent
et.al. i73&) whil2 OmpF reguiresc as low as S0 or as high as
1A% WV to azhieve similar resulis depending on the
zaperimental preparaticns used (Sch;ndler and Rosenbusc

1778 19315 Au =t.sl. 1?84).

T acgdraeszs the quéstion whether wvolitage-dependent
conductance decreacses of the outeir membrans play an 1n vivo
role. Nikaldn and co-worbers (Zen ec. al. [?283) investigated
whether Dornan potentials could modulatz porin permeability
irn intact E. ccli bacteria. By varying the concentrations
of electrolvtes in the bacterial =zuspension medium, the
magnitude of the Donnan potential could be manipulated. The

range of 1omic strength conditicns surveyved allowed for the
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assessment of membrane permeability over a rangs of Daonnan
potentials from 3 to 100 mV. It was found that wnder the
conditions tested, the permeadility of the porins OmpF and
Ompis was not measuwrably altered. Althouwgh this result makes
quite a strong.:ase against voltage-dependent gating of
parins in intact’cells, aone could still press the point that
gxperiments with intact cells using even higher Dunnan
potentials (1Q0- 200 mV, far above physiaologically relevant
levels) might be required'before one could detect an

alteration in permeabilityL

1.3.5 Chemic.l Modification of Forins

The use of chemical modification experiments on paorins has
provided insight into the elements governing & porin
channel s selectivity. In the case of OmpF porin,
amidation of the protein demonztrated that its selectivity
for cations over anicons is due to negatively charged amino
acids distributad along the protein®™s surface as well as
inside its pore {(Henz 2t. al. 1784). Acetvliaticn of the
pusitival v charged aming acide 1n FholE renders the porin
cation selective 1N sharp contrast to 1tks nétive prefarence
for anions (Darveau et. al. 1%24). Both ot these
experiments, while modifying porin selectivity did not
significantly modify the porin’s single charmnel

concductances. When solvent accessible iysines of OmpF, Omel



and FhoE were chemically modified by the attachment of

large (3.5 =« diametet by TF.4 A widthi trinitrophenyl

groups, all three porins developed a high selectivity for
cations gver‘anions. ‘Although all three porins were
modified by this treatment, only FhoE suffered a

signi*icant drop in conductance implying that the chemically
modified lvsines of FhoE were in closer proximity to'the
pore canstriction than in OmpF and OmpC (Hanca;k et. al.

198646) . -

1.7.6 Analysis of Genetically Altered Forin

Experiments have been performed on FhoE porin in which the
primary sequence has been altered from that of native PhoE.
Genetically altered porin expressed in mutant strains was
assayed for its ability to bind bacteriophage TC43 which is
known to bind PhoE in 1ts native form. Cells expressing
FhoE but resistant to phage TC43 binding were selected for
and the gene encoding the porin was sequenced and analvyzed.
Grginine L3838 of the native gene was found to have mutated
to a histidine, renderirng the mutant cell phage resistent
and therefore identifving this particular residue as
present &at the cell s outer surface (Korteland et. al.
1983). Alterations of amino acids lying at the porin’s
extracellular surface have also been identified with the

ard of monoclonal antibodies (Van der Lev et. al. 1585 ;



Van der Lgy @t. al. 198&4). FhokE eupféssing mutants which
Failed‘tm bind antibeodies, raisad against native Fhok
trimers, survived an antibudy¥dependent complem=nt reaction
to which they were subjected. Surviving cells were cloned
and their FhoE nucleotide seqgquences analyzed. From the
range of surviving cglls were noted three freguently
substituted amino acids, arginiﬁe 201, glycine 238 and
glycine 275. Although these muﬁations praevented antibody
fraom binding, all of these cells were still susceptible to
phége TC4S. Monoclonal antibody studies have also been
used to develop a model to suggest that both the amino and
carboxy ﬁermini of FhoE porin ére located on thé protein’s
periplasmic face (Yan der Ley et. al. 198&).

In a different series of experiments, hybrids were
constructed from contiguous segments of OmpC and FhoE porin
genes (Tommassen =2t. al. 1985 ; Yan der Ley et. al. 1987 ).
Chimeric proteins expressed from these hybridized genes
were fournd to be able to bind the appropriate phages and
‘monaclonal antibodies. More interestingly, chimeric paorins
inm which arm aminc terminus sechiomn of Fhok was 2xchanged
for (ts OmpC counterpart were shown ta De efféctivelv cation
selective, Specifically, the amion selectivity of PhoE
porin appears to be determined by amino acids localized to
positions 1-~-11, 75-110 and 111-141 of the porin’s primary

sequence.

......



From‘these and other observations, Tommaszsen has dévelop@d
model for the seconda?y structure of FhoE porin (Tommassen
1988). He has proposed that a FhoE porin monomer is
éseembled in & manner such that 8 distinct hydrophilic

N
regions are positioned at the cell’s extracellular surface.
Because structural data to date has indicated that porin’s
‘;econdary structure is almoét exclusively beta—-sheet, he
has further proposed that these 3 regions represent 3

beta-turns and are the ronnecting regions for 1&

transmembrane beta-strands.

The findings of many of the above experiments will be of
particul ar importanée to our group when we have cbtained a
high resol@timn density map of PhaE. The spatial
assignment ot specific amino acids to hydrophilic surface
segments or to regions of the pore interior will serve as
helpful boundary conditions in the process of fitting the

peptide sequence to the density map.

e,



1.4 Structural Froperties

1.4.1 Frimary Structurs Analvysis

The a@ino scid sequences of the E. coli porins OmpF, OmpC
and FhoE have been deduced from ﬁheir nucleotide sequences
(Inbhuchi et. al. 1982 ; Mizuno et. al. 1987 i Overbeeke
et. al. 1983). The amino acid sequences of all three of
these porins are highly homologous. OmpF, OmpC and FhoE
for erxample, have greater than 60% amino acid sequence
homology (Overbeeke et. al. 1983). The amino acid
seq&enﬁes of these proteins also contain a large number of
negatively and positively chatgad residues. When the
charges of the amino acids in =ach of ﬁhe porins is added
up, one finds that each of the three porins contains & net
negative charge. Fourteen negative charges in OmpC, eleven
in OmpF and nime in FhoE. Based on the results of humerous
chemical modification experiments, it is believed that the
majority of these charges, positive and negative, are rot

-

=]

lvent accessible but rather ares involved in the

Q

protein—protein association of the monomeric units
camprising the porin trimers (Benz 198%) . It appears
then, that some subset of those remaining amino acids, not
involved in the maintenance of the trimer structure, is

what giwves the various porin pores their ion selectivity,



negative charges assisting OmpF and OmpC in eétablishing
ite cation selectivity and positive charges heiping to

provide the anion selectivity measured in FhoE.

The amino acid sequences of E. coli borins OmpF and LamB
were analyzed for their hydrophobicity (Vogel and Jahnig
1986 ). They were found‘to have extraordinarily low total
hvdrophobicities when compared to proteins located in the
inner membrane or even thevperiplasm of E. coli. The
ptrimary squence of OmpF was further asseésed for the
occurrence bf amphipathic stretches of amino acids
compatible with the cases of alpha—heliﬁal or beta-strand
transmembrane conformations. Based on this analysis OmpF
was‘shown to have the potential for two ahphipathic
alpha-telices and 12 amphipathic beta-strands. We have
performed a similar analysis‘on the primary seqguence of

-

FhoE, the results of which are given imn Figures T through
S From these plots we see that ?th has, by the same
standards applied to QmpF in Vogel and Jahnig’s papef, no
potential ampbhipathic alpha—heli:es and 12 amphipathic
beta-strands. Applying a more libaral hydrophobiciby
thraestold one can easily obtein more than 20 candidate

amphiipathic beta-strands.
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Figwe 4. Hydraphmbicity analvais of the FhoE aming acild
seEgquence to show the possible locaticon c#,amphipatﬁich
slpha-hellcies, which represent one of the likely

.
'atructural motife for the formation of an aguecus,
tramgmembfane charnmel. The grapht was produced wsing an
algorithm described in Vogel and Jahnig (19B8é&). Imn this
analysis hydrophobicities of amino acids fallipg within an
avaraging window are weighted so as to detect the ccoccurence
of hydrbphobi; residues with a period of J.b6 residues in the
segment in question. The width of the window is chosen to
predict the possible sequerce locations of the hydrophobic
faces of alpha-helices 20 residues long. The horizontal
lines seen in the plot are as described in figure I. When
& residue is assocliated with & hydrophobicity average which
is greater‘than or equal to the level of the upper lirme and
13 immediately meighbored by residues whose associlated
Fiydrophaobicity averages are much less thnan the upper line
level, it ig an indication that the amino acid irm question
1s & good candidate for being located mrdway in a segment of
amphipathic alﬁha—helin. In the case of FhoE there are ro

segments capable of forming amphipethic helices.
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Figure 3. Hydrophobicity analysis of the PHDE amino acid
s@ouence to show the,péssible location of amphipathic
beta~5trand5. Tﬁe gréph WAaE produced uéing'én algorithm
deécr;bed im VMogel and Jahnig (198&). In this analysis
hydrophabicities of amino acids falling withim &r &veraging
window are summed s0 as to detect the occurence of |
hydrophobic residues with a period of E‘FbéiduES in the
segment in question. The width of the window is chosen to
predict the possible sequence locations of the hydrophobic
tfaces of beta—-sheet strands 10 residues long. The
hcrizontél lines seen in ﬁhe plot are as described in
figure T. When & residue is associated with a
hydrophobicity average which is greater than or equal to
the level of the upper lirne and is immediately neighbbred
by residues whose associated hydrophobicity averages are
‘much less tharn the upper line level, it is arm indication
that the amino acid in guestiorn ie & good candidate for
being located midway in a segment of amphipathic
beta-sheet. BSeveral segments of potential amphipathic

beta-sheet are identified in FhoE im this way.
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The amino acid sequence o% OmpF porin has also been
analyzed with the Chou-Fasman secondary structure
prediction algorithm (Vogel and Jahnig 198&). Although the
results predicted the possibility of a significant fraction
of alpha—helix, the predominant structure p. edicted was
teta-strand. It is interesting to note that the predicted
segments of bheta-strand are almost unifcrmly‘distributEA‘
throughout the entire sequence. We have again performed &

similar analysis on FhoE and the results are given in

Based on structural information obtained to date, 1t is
believed that a significant portion of E. coli porin
protein can be reasonably approximated as a cylinder of
beta-sheet. With values for the cylinaer geometry ocne can
estimate the number of amino acids needed to generate such
a beta-~sheet cylinder. The circumference of the vestibule
mouth of FhoE porin has been estimated to be about 100A
(Jap 1939). I1f one determines the maximum sized pcolygon
able to fit within this circumfereﬁce arnd keeping the
length of its faces equal to the interstreand spacing in
beta~-sheet (4.8A), an estimate of Z1 beta-strands per
beta-sheet cylinder is obtained. X-ray diffraction studies
;ndicate that these beta-strands are between 10 and 12
aminoc acids long (Kleffel et. al. 1985), barely long enough
to traverse the hydrophobic core of a typical bilaver. The

approximate number of amino acids neccessary to complete

45



Figure &. S8Becondary structure prediction of FhoE pckin
baged on its primary sequence and the algorithtm of Chou and
Fasman (Chou and Fasman 1978). Letter indications as as
folilows: &) amino acid sequence number; b) amino acid
sequence (single letter abbreviation); c) indicatior of
charged amino acids; d) predicted alpha-helix:; e) predicted
beta-sheet; f) predicted turns; g) best estimate for
sequence regions where both alpha-heliy and beta-sheet

predicted (R for alpha-helix, B for beta-sheet).
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this structure, assuming the bets-sheet strands are
parallel to the cylinder aﬁis, is the product of 21
beta-strands and & maximum of 12 aminc acids per
beta—-strand. 'This product, 232 amino acids, would accouﬁt
for over 79% of the total amino acids available; yvet leave
enough amino acids left over to account for ﬁhe required

beta-turns.

1.4.72 Secondary Structure Analysis‘

The poring of E. coli have been the subject of many
spectroscopic. measurements. Circular dichroism (Rosenbusch
1974 ; Nakamuré and Mizushima 1976 ), infrared spectroscopy
(Nakamura et. al. 1974 ; Rosenbusch 1974) and Raman
spectroscopy (Vogel and Jahnig 1986) measurements all
indicate these porins to be predominately of Béta-sheet
conformation with no &lphe-helix structuré. The gross
orientation of the beta-sheet structure backbone has been
inferred from X-ray (Garavito et. &l. 1987) and electron
microscopy (Jap 1738) and infrared spectroscopy (Baravito
et. al. 1982) studies toc be oriented normally tc the plane
of the membrane. Subsequent infrared analysis has
determined that these beta-sheets are of the anti-parallel
type (Kleffel et. &l. 1988). Most recently, infrared
linear dichroism studieces haeve indicated that although the

beta-sheets themselves are oriented essentially



perpendicular to the membrane plane, the strands making up
the sheets have an average tilt of about 45 degrees from

the membrane plane (Nabedryk et. al. 1988).

1.4.3 Tertiary Structure Analysis

Functional porirns of E. coli are evtracted from membrane
preparations as trimeric urnits (Steven et. al. 19773 Dorset
et. &l. 19835. The monomers making up the trimer units
are very strongly associated, as evidenced by the fact that
they cannot be separated from one ancther unless they are
denatured (Nikaido and Vaarsa 1985 ). The major porims of
E. coli, OmpF and OmpC, as well &s FhoE &all have monomeric

molecular weights of approximately I7kDa.

1.4.3.1 Electron Microzcopy of Negatively Stained

Specimens

OmpF porirn has been crystallized into two-dimemnsional arrays

suitable for electron crystallographic sfudyu Imnitial
studies of those crystals embedded in megative stain
revealed clusters of three holes or indentations where the
stain could collect, believed to correspond to the porin
unit trimer (Dorset et. al. 1987 ). Subsequent tilt =series

analysis of the crystal type, again in negative stain,



yielded a three—dimensiornal reconstruction of the OmpF
charnels to about Z5A resolution (Dorset et. al.“1984 H
Engel et. al. 198%). From this data one can clearly see
stain-filled channels penetrating the membrane. The
authors” interpretationAof the three-dimersional density
map was that in each trimer three independent charnels
beginning &t one end o? the p0fin would mérge into a
simgle charmnel midway through the membranme prior to exiting

the protein.

An umtilted projechtiorn reconstuction of OmpC two-dimensional
crystalé in negative stain was accomplished by Chang et. al.
(Chang et. al. 1985 ). The reconstruction clearly showed

three stain—-filled pores.

FhoE porin has also been crystallized into two-dimensional
arrays. A three-dimensional recdnstruction of the specimen
in negative stain was obtained to a resolution of
approximately 204 (Jap 1986; Jap_ 1989). As with OmpF, the
three-dimensional map shows that FhoE porin consiéts of
trimers of stein-filled channels as the basic umt. Urnlike
DApF, the channels in FhoE, &lthough gradually comverging
towards one another as they traversed the membrarmne, did not
merge but remained as three separate charnnels. Each
ctain-filled pore 1s about 22 in diameter and about IZSA
long. The map shows that these are rot stairn—-filled along

the full length of the membrane but stop short, indicating



that one end of each pore is small enough to exclude stain.
The ret picture described by these +inaings is & trimer of
pures, where each pore begins with & vestibule like domain
. at one end of the protein (with & diameter of about 22A)
extending through the membrane for approximately 384,
whereafter it comtinues via & much smaller pore
(imacces%ible‘ to the stain molecule wanyl acetate) until

exiting the membrane.

1.4.72.2 Electromn Microscopy of Unstained Frozern-hydrated

Specimers

The projected structure of unstained, frozen-hydrated Dmpb
porin was determined to a resolution of 1Z.5A via electron
microscopy (Chang et. &l. 198%). This projection
reconstuction showed the general molecular outline of the
protein encircling the pores of the unit trimer, but the
resclution was not sufficient to discern the protein’s
secoﬁdary structure features. 0Of further i1nterest was the
finding of & relatively low density region at the center of
the trimer, too low & dermsity to be that of protein but
tooc high to be that of & water filled pore. It was
suggested by the authors that this area was most likelw
occupied by lipid, with encugh room to accomodate three

lipid A molecules orn each side of the bilaver.



1.4.2.3 Electron Microscopy of Sugar Embedded Specimens

A high resclutiorn projection recornstructiorn of glucose
embedded OmpF potin hag been gererated (Zass et. al. 19€%
). ‘This projection, which has & resolution of
approximately S A, was generated through & combiration of
electron crystallograbhy ard image correlation averaging
techniques. The most prominenf structurés in the
reconstruction are the three "rings" of high dehsity
arranged equilaterally‘to form the unit trimer. The‘
authors suggest that these '"ringes" outlining each of the
monomers are composed of beta-sheet oriented perpendicular
to the plane of the membrane. They élso called attention
to a‘fegion of very low density in the Center of the

trimer, but offered no suggestiorn as to its source.

FPhoE porin embedded in glucose has &also been the subject of
& projection reconstruction study (Jap 1989). 6As in the
case with OmpF, here too the projectiorn map shows three
high density elliptical "ringe" associated to form a unit
trimer., Like the authors of the OmpF study, Jap &lso
lilkens the high density "rings" to an end-on view of &
cylindrical beta-sheet priented perpendicular to the
membrane. The elliptical "rings" believed to be &
projection of the walls of the pore vestibules measure I8A

and 28/~ along the major and mirnor axes respectively., This
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map shows one additional ﬁimilarﬁty to the OmpF
reconstrruction of Sass et. al., that is the low density

region at the center of the trimer. In his paper Jap

suggests\that this low density aresa might be filled with

glveolipid which could play & role in maintaining the
trimer’s structure &5 well as shape the electric potential

around the "mouths" of the pores.



Section 1 E.

Structure analysis by electrorn microscopy

Electromn microscopy has been used‘to réconstfuet the
three-dimnensional structure of a rumber Of‘memmkane
proteins to varying degrees of resclution. The most notable
success to date has been in the studies of |
bacteriorhodopsin which have resulted in theydeterminatioh
of its three-dimensional structure to 6.5 A (Unwin and
Heﬁderson 1973; Henderson and Unwin 1973; Leifer and
Henderson 1983; Tsygeannik and Beldwin 1987) and in
projection to a resolution of 2.8 A (Henderson et. al. 1986

; Hendersorn et. a&l. 1988)

Electron crystallography is fundamentally like any other
crystallographic reconstruction technique in that it
requires the determination of Fourier structure factors. A
significant difference between electron crystallography and
Y-ray crystallography lies in the strength of interaction
between specimern and source quanta. Electrons are
scattered on average about a millior tjmes more stromngly
from a specimen’s coqstituent atoms as are X-ray photone.
The degree of‘electron/specihen interaction is such tha£
electron crystallography is ideally suited for studies of

micrometer sized monolayer crystals, wheras X-ray studies



require "large" three-dimensional crystals for the

generation of measurable diffraction.

Another important difference arises fram the metﬁods used in
gathering and processing the structural data.  Researchers
cmnduﬁting X-ray studies abtain intensities (and
‘subgequemtly structure factor amplitudaé) directly From
cdiffraction patterns but must resort to additional
heévy-atom ]abéling methods to obtain structure factor
phases. Using the technigues of wlectraon crystal lography
one can obtain intensities/amplitudes directly from

electron diffraction patterns and phases directly from image

micrographs.

The fouwrier transform of three-dimensional crystals of the
type used in X-ray crystallographic studies vields &
three-dimensiornal lattice of diffraction spots (seé Figure

7).

The three-dimensional lattice of diffraction spots canm be
modeled as arising from the intersection of three ;ats of
parallel planes, one set of parallel planes for each
principal axis in the crystal, and with interplanar .
spacings egual to the reciprocal of the real space unit
cell dimension faor each respective principal axis (Cantor
ancd Schimmel 1980 . The diffraction geometry resulting

from studies of two—dimensional or monolayver



Figure 7. Diffraction intensity lattice derived from a
three-dimensional crystal. The phienomenon of wave
diffraction by a fhree—dimensional crystalline object can be
described mathematically as thelFDurier transform o%\that

object.
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crvetals can be described as the result of two intersecting
arrays of parallel planes vielding a lattice of structure
factor lines which are parallel to the direction in which

i

the crystal is one uwnit cell thickQ (see Figure 8).

Iﬁtensfty data is no longer & series of discrete vaiues
along the third axis but a continuum of values. These lirnes
of structure factor data must theretore be sampled at some
mirimum spacing which is the reciprocal of at least twice
the membrane'thichness so that & reliable Fascimife of the
original data can be recbnstructed by interpolatior.
Diffraction "spot" patterns are, in a simple geometric
arialogy, the result of the intérsection of the specimen
plane, or central section, and the continuous lattice‘

rods/lines. (see Figure 9

Sampling along the length of the lattice rods is
accomplished by tilting the specimen through & range of
angles with respect to the inciagnt electron beam. Due to
mechanical and other practical considerations, the rarnge
of specimer tilt usually covered is about +/— 60 degrees
from horizontal, f(see figure 10&) meaning that not &all the
available structural information of an object’s Fourier
transform will be sampled. When swept over the full range
of azimutt these unsampled areas describe a missing volume
of data which is often referred to as the "hollow corne'.

(see figure 10b)
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Figure 8. Diffraction intensity lattice derived from a

two-dimensional crystal. The phenomenon of wave diffraction

by ¢ .wo-dimensional crystalline array can be described

mathematically as the Fourier transform of that obiect.
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Figure 9. Central section geométry. A diffraction pattern

arises ¢rom the intersection of the sampling central

and the reciprocal lattice rod intensities.
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Figure 10. Céntral section sampling of reciprocal space. &)
Sampling of reciprocal spaces i¢ technically limited to
roughiy 60 degrees abéve and below the h,k,0 plane. b)

When such & figure is rotated about the zX axis an
houwrglass-like regibn of reciprocal space remains

unsampled. This unsampled zorme is commonly refered to as

the "Follow-cone" of migssing data.

&7
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It has been demonstrated, by numerical simulations, that the
"haollow cone" of missing structure factor data does riot
deteriorate the interpretability of a 2-D density map if

the the volume of reciprocal‘space which is sampled extends

to a resclution of at least 7.54 (Glasser et. al. 1988).

Frase data is gathered using the same gereral approach as
described for sampling the intensity lattice rods. I
this case the lattice rods represent the contiruous phase
values cbtained from the Fourier transform of arm image of &
two-dimensional crystal. It is an important consequence of
weak phase object theory that the crystallographic phase
information is manifested as the relative origins of the
sinusoidal intensity modulationme (i.e. Fourier components)

of the image.

The firnal step is to create a hybrid structure factor data
set. The curves that have been fitted to data, sampled
along the specimen lattice rods, can riow themselves be
éampled at some constant interval. intensities are
converted to amplitudes. Geometrically correspondilng
amplitude and phase values are then grouped into structure
factor vectors. An inverse Fourier transform can be
performed on this data set to gernerate the specimen’s real

space density map.



Sectiorn I C

Objectives of the thesis

This research has one major goal, that is to generate a set

of three-dimernsional structure factor amplitudes for use in

the structure determinatiorn of the FhoE porin of E. coli.
The data should cover specimern tilt in the .range of at
least +/- &0 degrees and extend out to a resolution of at
least 7.9 angétroms. It should also be‘in a form suitable
for hybridization with corresponding structure factor
phases. To achieve the above, an initial objective to
create sufficiently well preserved and flat specimens was

also put forth.



Sectiorn II

Evperimental Methods

Specimern protocols

r)
—

2.1.1 Isolation and Furification

The procedure used by Dr. Bing Jap for the isoclatibn and
purification of FhoE porin is & modified version of the
protocol described by Nikaido amd Rosenberg (1983) and is
briefly outlimed below. A FhoE porim overproducing E. coli
strain (k=12 JF694), with deletion mutations for DmpF and
OmpC porin, is harvested after a 24vhour grdwth period. The
bacteria are washed in 50 mM TRIS buffer containing
protease inhibitors, DNAse and RNAse. To break open the
bacteria, the cell suspension is run through & French press
several times. Unbroken whole bacteria are removed from the
preparation by centrifugation at Z,000 rpm for 10 minutes
and remaval of the resulting pellet. The éupernatamt is
then centringed at 45,000 rpm for IO minutes. The pellet
formed irn this step, containing bacterial membranes, isl
then resuspended in & "washing" solution of 2% sodium

dodecyl sulfate (8D8) in a 10 mM TRIS based buffer adjusted

~
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to pH 7.5, This suspension is incubated at T2 degrees.
celsius for‘ZO minutes. It is at this stage that the outer
membrane/ﬁeptidoglycan complex will begin to be separated
from the inner membraﬁe, which will be dissolved by SDE.
Followinmg the appropriate incubatiorn period, spin this
suﬁbenaion at 45,000 rpm for IO minutes keeping the
temperature in the centrifuge above 15 degrees celsius to
prevent the SDS from coming out of solution. Separate the
pellet from the supernatant and resuspend the
outer—-membrane containing pellet‘in 10 mM TRIS buffer
containing 2% SDS. Centrifuge this suspension again at
45,000 rpm for IO minutes. Resolubilze the resulting
pellet in an 8DS sizing column running buffer (20 mM TRIS,
1% 8DS, ©.4M NaCi, IZmM NaNZ, SmM EDTA). Incubate this
suspension for two hours at 77 degrees celsius, followed by
a final centrifugation at J0,000 rpm for 30 minutes. The
resulting supernatant will contain solubilzed FhoE porin.
This porin solution is then run through a molecular sizing
column (13mm diameter, 1.2 m length) of Sephacryl S-Z00
(180 ml per column). The column is adjusted for a flow rate
of 2 ml per‘hour while the fraction collector is set to
collect 2 ml fractions. The porin is expected to elute
after approximately 60 ml have run through the column.
Collected fractions are assayed spectrophotometrically (280
nm UV abscrption) as well as with SDS polvacrylamide gel
electrophoresis, and the fractions containing the porin are

passed through the column & second time. Furified FhoE



porin is then prepa%ed for crystallization or stored for

+utu%e use.
2.1.2 Crystallization

Crystallization of FhoE porin irto two-dimensional arrays
involves the recaonstitution of purified ﬁrotein into lipid
bilayérs. Thiz is accomplished by dialyaié of & ﬁimture of
detergent smlubili:ed protein and lipid {(dimyristoyl
phosphatidylcholine) in & ratio of 1:4 lipid to protein.
The lipid/protein misture is dialyzed against &« 10mM TRIS
buffer (0.1 M NaCl, ZmM NaNZJ, pH 7.5) to which ©SDS has |
been added to a concentration of 0.4% w/w. Every four
hours half the volume of the dialysis reservoir is replaced
with new buffer which does not comtain 8DS5. This procedure
is maintaired until crystals have begun to form, typically
2-3 days. Uporn completion of the reconstitution process
crystals are removed and washed twice in a 5 mM TRIS
buffer to remove the high salt introauced in earlier steps.
Washed crystals are subsequently treated with phospholipase
A to remove excess lipid and increase‘the percentage of

highly ordered ftwo-dimensional crvstals.

2.1.7 Specimen/Grid preparation

"Classical" electron crystallographic microscope grid



preparation according to the bactefiorhodopsin paradigm
makes use of "aged" hydropﬁobic carborn coated electton
microscope gQrids. A few microliters of specimen (typically
a 1 mg/ml suspension of monolayer crystals, in this example
purple membranes) is placed on these grids along with a
small volume of a orne percent glucose solutioﬁ and bldtted
dryv (Baldwin and Henderson 1984). The glucose is added as A
spec:men preservar presumdbly replacing water and.
maintaining water—like contacts with the crvstals and
éupport film, embedding the specimen in a hydrated—liké
state. fhis technigue, considering the extremely low
volatility of glucose with respect to water, is ideally
suited to maintéining the structural integrity of the
protein in the high vacuum environment of the electron

microscope.

In our experiments with FhokE porin, we haQe found that
crystals of these proteins are most effectively studied on
hydrophilic carbon coated electron microscope grids.
Initially these types of grids were obtained on a trial and
error basis. using carbon films "floated" onto electrdn
microscope grids and tested for their h;drophilicity at
various times after production. The carbon films are made.
by vacuum evaporating carbon onto sheeﬁs of freshly cleaved
mica. The carbon film is removed from the mica when the
carbon film/mica "open faced sandwich" is slowly pushed

edge-on into a water containing vessel at some shallow



ahgle to the horizontal. As the carbon film separates from
the mica it is left to float on the surface of the water

above a small piece of filter paper, covered with electron
microscope gfids‘placed in the vessel earlier. Frior to
being placed in the vessel, the grids were‘rinsed in
chloroform in an effort to remove any residues from their
manu%aﬁturing process. The vessel is then slowly drained
of watef, eventually brimging the carbor Film to rest on
the filtelrr paper and grids. The paper camn then be.removed
with the carboh coafed grids still attached arnd placed iﬁ &
‘petfi disﬁ lined on the bottom with filter paper to

facilitate drying.

.The type of success abtained with conventionally made grids
sampled over time for their hydrophilicity would vary over
a range of eitremes. There would be times when too much or
too iittle specimen would remain.on the grid, when too much
or teo little sugar would be present. Variations in grid
hydrophilicity were even apparent on a local level.
Neighboring windows of the same grid would often have
sharply corntrasting levels and forms of sugar coverage,
specimern population. and even specimen morphology. Imn an
attempt to have greater cnﬁtrol over the carbomn film
hydrophilicity and to achieve uniformity of results, we
 decided to glow-discharge our carbon coated microscope
grids. Glow-discharging the grids in & low water vapor

pressure environment for two minutes gave us negatively



charged gride on & consistent basis.

In the courée of our research we evaluated three different
embedment sugars: aqrothioglucosa; glucose and trehalose.
For reasons that are‘digcussed im detail in the Results
section, the sugar of choice turned out to be trehalose. We
applisd voludes of & 1.2 W wiw solution of trehalose in &
ratic o% 2 'to one part of a 1mg/ml suspensicn of FhoE
crystals on glow-discharged grids. The specimen/trehalose
bead is left on the grid for about five minutes after which

|
/

it is blotted away.

-3

Collection of diffraction patterns

The experimental data for this tbesis research was
collected on a modified JEDL 100B top-entry electron
microscope. Modifications include a licuid nitrogen cooled
stage (MHayward and Glaeser 1980), and a "low dose kit".
Specimens were examined under low dose conditions (less
than 1 electron per square Angstrom per minute ) in &
defocused diffraction mode to maximize crystal contrast.
When a& promising patch was found, the stage was adjusted to

place the center of the patch on the microscope’s optical
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center. The shutter was then closed and the microscope was
switched tb & higher dose diffraction mode, such that the
patch would receive a total dose of 1-I electrons per
square angstrom over an exposure time of S-10 seconds. The
shutter was then opened and the film exposed. Under these
conditions processble diffraction pattérns, over & range
of O to &0 degrees specimenﬁtilt, were obtained with about

& one 111 five exposure success rate.

2.3 . Processing of diffraction patterns

oo

2.3, Scanning and indéming

Selected diffraction pattern films were scanned on a
Ferkin-Elmer FDS microdensitometer. The scanning aperture
used was 12.5 micrometers square and was rastered in 173
micrometer steps in the x and y_ directions. This scanning
raster was more than sufficient to properly sample even the
smallest diffraction spots. fﬂe size of the scamned arrays
ranged from 2400 to 2800 pixels a side. These arrays were
subsequently averaged down by a factor of four in x and vy
to yield &00x600 or 700x700 pixel arrays, which resulted in
significant savings in computer storage and processing

time.

-4



The digitized patferné were then displayed on an RED 7&7
computer graphics monitocr where they could be indexed using
interactive scftware. Much of this display software waé
providea through the‘courtesy of the Medical Research
Council (MRC) Laboratory of Molecular Biology, Cambridge,
England.‘In selecting the diffraction patterns to be used
for creating the initial lattice rod CUImWES sevérgl
criteria were used in determining what specimen ti1lt angles
were best suifed for starting things off. For untilted
specimens, we kept film platés whose diffraction patterns
exh.bited good mirror symmetry in the féshion expected for
p21212 space group crystals. The Shaw and Hills algorithm
(Shaw and Hills 1981) is used to determine the tilt angle
and arimuthal or tilt axis orientation of each plate. The
angles are calculated based on the geometric relationship
of reciprocal space lattice vector components of the tilted
pattern compared to those of the untilted patterns. A
tilt angle and axis determined via this algorithm, and the
resulte of a comparison of diffraction spot intensities
lying along a pattern's tilt axis with corresponding spots
from untilted reference pattc “ns are strong indicators of
crystal orientation in & tilted diffractgon pattern. With
these "tools" indexing of even highly tilted diffraction
patterns could ne dong with confidence. A short-coming of
note, the Shaw and Hills algorithm is only accurate for
assessing diffraction patterns tilted by at least 20

degrees. Therefore we collected tilted data from patterns



tilted by 70 degrees or more.

)
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Radial background subtraction

Once the péttern has been properly indexed it can be
fuwrther processed to correct for tHe effects of
inelastically scattered electrons. Frior to this
correction the diffracticon spot intensities were "riding"

on & radially varyiﬁg background (see Figure 1la).

Average intensitiesware calculated along concentric "rings'"
moving radially ouﬁxfrom the center nf the pattern. The
standard deviation about each radial average is also
determirned. The dif%raction patterns are then reviesited and

-r
)t

thdse pixels whose intensity values are less than
standard deviations from the current "ring" average are
used to create a new set of radial "ring" averages (see
Figure 11b). The diffraction patterns are revisited once
more and this fime these radial background averages are
subtracted from the approprite pattern pixels resulting in

a removal of the e.fectes of inelastically scattered

electrons (see Figure 11lc)
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Figure i1, Treatment of radial background due to inelastic
scattering of electronse. a) Electron diffraction

intensities with superimposed radial background. B)

Averagé radial backgrournd compornert. c) Resultihg intensity

distribution after removal of average racial background.

80



Distance from lattice origin

—______ . S—

Distance from lattice origin'

O.D.

Distance from lattice origin

XBL 897-5130

&1



of SAak b ya

~
o

r3

-~ Spot integration

The rext phase of diffraction processing is the calculation
of the tota} integrated int@m%{ty,for each diffraction spot
‘ , e
in the pattern. When in&@@%@é‘tﬂe patterrns, as described
earlier, one determines the paﬁéan‘center and the » and y
components of the lattice unit vectors. These parameters
are input into the diffraction patterrn processing software
and are used ﬁo predict the coordinates of each spot in
the array. In the algorithm used tt determine these
positions, adjustments are made for the compensation of
Ewald sphere curvature and microscope distortions such as
pincushion, barrel and épiral. The user of this software
must aLso specify the size (in pixels) of the spot
integration boxes to be placed around the predi&ted spot
centeré. Firels falling within these boxes are converted
from optical density to electron exposure. Following this
they are‘corrected for the radial background noise
described earlier as well as for_any drifts in the
pattern’s "baseline" optical density. A final correction is
macle to these pinels to compensate for local bachgrouqd
deviations.' In this treatment, one specifies the sié@ and.
orientation of background sampling bores to be placed in'
the areas surrounding the‘diffraction spots in the pattern
to be analyzed. For each spot in the pattern a local

background value is calculated and subtracted from each

pivel in the corresponding diffraction spot box.



87

The background corrected pixel; within each diffraction
spot boy are added up and a total intensity determined for
that spot. A center of gravity of that spot is &lso
determined and campared with the position predicted by the
usernprmvided‘lattice parameters. AN array of differences
(&rrurei from predicted to actual spot centers are stored
arnd used to refine the lattice parameters utilizing a least
squares minimization algorithm. The program can be set. to
contirnue to refine the lattice parameters for a user
detined numhér of cycles or until convergence criteria are

met.

Once the lattice has been "best fit" the diffraction spot
integrated intensities can be organized for output. First
each diffraction spot is reviewed to determine if the
individual pixels comprising it all fall within a minimum
and mesimum ihtensity range. If rnot, that diffraction spot
is omitted from the finél output. The spots remairning are
then sorted inteo Friedel related (h,kj;-h,-k) pairs to
determine the averages and differences of the Friedel
related spot irmtemsities. Unpaired spots are rejected at
this time. The remaining test is a two parameter check of
the relatedriess of the Friedel pair intensities. If the
difference in intensity between the spot pairs 15 less
tharn some multiple (user defined) of their average and if

—
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the pair average intensity is considered reliable for
output. All of the spot intensity analysis is done in &an
gffort to minimize the number of false diffraction spot
raeports due to such factars as film imperfections,
scrétches and foreign material falling on the plate during
densitométry. The gualifying data is then writtern to disk
in & format suitable to be combined with other processed

difiraction patterns into a three dimemnsional data set.

-~

2.7, Merging and fitting of diffraction intensities

With the use of the previously described "software" the
user wili now have a collection of files, each containing
the H,k indices , Friedel pair averages and differences of
a particular diffraction pattern. For each plate or
pattern processed, the user will also have determined a
tilt a#is and tilt angle. With this data the goal is to
sort and organize the lot of diffraction spot intensities
into a three dimension&l data set comprised of
reconstructed lattice rods. This is accomplished by
determining the three dimensional vector (h,k,z¥%) for

each spot based orm the set of two dimensional vectors
(h,k), and the appropriate tilt angles and tilt axes. Once
properiy oriented, the spots can be scaled or normalized to

an untilted reference set of diffraction intensities.



The sets af intensity measurements organizzd into lattics
rodes are maw in oa peosition Lo e Ffitted by 4 smootbh ourve.
Each group of points comprising a single lactice rod 1s

fitted to & series of danped sinc functioms of the form

"N _ sin 2rnd(z* — i/2d) 128 (2" —i/2d)?
)= AL (Z" —7724) e

Equation 2

where the coefficients (&) of sach term are determined so
as to produce the smallest mean sguared differsncs bhetwesn

s of S0 A

il

the dabta and the smooth curve. A membrane bhicknes C
was suppliled fof d and & value of 100 was uwsed for the
damping factor B. Once the first gensrabtion of curves are
gaervzrataed , ths Eﬂﬂttéer;(Jﬁ%d Lo tdald by oreate the
composl ke lattice rods can e cemnerged o bhe mew curves.
This provides BEhe opportunity for curve Fﬁ%imem@ﬁt” r

[2

acidyrtion be Blme aroremsetlormed moemee Lonat Lo

al img, b
Adas e s tboorn spol vrtanss Llss Toan o mow e adiastasd for
tamperatbure factor tonponents parallel and perpendicul ar to
the plamne of the membrarme. The tillt axis and angle of each
plate/pattern included in the reciprocal lattice
recanstruction carm also be redeterminmed so as to provide a

best Fit bto the curves, This scernsrio of nerging and ourve



fitting camn be repeated as more plates are incorporated
into the data base as well as for minimizing the R factors

of those plates already in it. The final curves are then
sampled at a firme interval (typically the reciprocal of 5
times the membrane thickness), and these values are

combined with similarly sampled phase data toc generate a

fybrid three-dimersional structure factor data set.
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Bection ITI
RESULTS
J.1 Microscope Calibration

Ar important element in the effective processing of electron
diffraction patterns is the compensation o cprrection for
microscope distortions of recorded diffraction patterms.
These distortions fall into two categories, those with a
resolution cubed dependercy such as pincushiorn, barrel and
spiral distortions, and those independent of resolution

such as ellipticity of magnification.

Although their apparent visual effects are different, the
various forms of resoluticn cubed dependent distortions can
&ll be described in terms of radial and azimuthal or
angular components. The contribution to distortions of
diffraction patterns recorded on. cur microscope from these
factors was determined by comparing predicted diffraction
spot centers with those measured. For this purpose we used
patterns collected from untilted two-dimensional crystals
of bacteriorhmdopsin. Differences between the predicted
and actual spot centers were broken into radial and
azimuthal components. Radial and azimuthal differences
were then separately plotted versus resolution for

analysis. (se2e figures 12 and 13)



Figurele. Error in the prediction of the locafion of
diffraction spot centers of‘gravity; radial component.
Gﬁépha such as these are useful in determining if
resolution-cubed dependen£ distortions have been introduced

into the diffraction patterns by the microscope.
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Figure 13. Error in the prediction of the location of

diffraction spot centers of gravity; azimuthal compornent.
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From plots such &s these it was concluded that, 1n our
microscope under specific diffractiorn mode conditions,
 reso1ution cubed dependent distortions were insignificart.
Therefore., software adjustment parameters for these

distortions were set to zero.

Distortions in electron diffraction patterns arising from
microscope ellipticity of magnification affect the
calculation of tilt amgles and ares. As”mentioned in
section I B, the tilt anmgle and axis of & tilted pattern
are determined from the geometric relatiﬁnship between unit
Qectors of the tilted and an untilted reference lattice. It
is apparent then, that any distortions to the true lengths
of the unit vectors of a tilted diffraction pattern, due to
& microscope’s ellipticity of magnification, will 4aQse
errors in the calculated tilt angle and axis. For the
proper calculation of tilt angle and axis then, we need to
restore the lattice unit vectors to their proper lengths. &
method for correcting these distortions is again provided
in the diffraction pattern processing software. The user
is regquired to provide the angle that the minor axis of the
magnification ellipse makes with the horizontal and the
ratio of the minor to major axis lengths. Dr. Kenneth
Downing has determined these parameters, based on
measurements of powder pattern diffraction of gold coated
carborn films, to be 22.4 degrees for the minor axis angle

and 0.9822 for the minor to major &akis ratio.
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Z.2 Ccllerted Data

The 2-D crystals of FhoE porin were surveyved and diffraction
patterns recorded at fixed tilt angles of O, 0, 45, and &0
degrees, When care was taken to ensure minimal bénding of
the electron mic?oscope grid, subsequently confirmed tilt
angles came to withiﬁ +/= 3 degrees of the holder’s fixed

angle.

Az described earlier in the Methods section, over the
course of refining the sbecimen embedmént protocol, we
tested and evaluated three different sugars,
aurothicglucose (ATG), glurase and trghalcse.' ATE wag the
first embedment sugar we tried. Figures 14 through 16 are
representative diffraction patterns of 0, 20 and 460 degree
tilted specimens respectively. Two undesirable conditions
are apparent in these patterns. _Resolution is limited;
the untilted pattern contains reflections out to
approximately 7 A, the I0 degree pattern has reflections
out to about 10 A, and tne 60 degree pattern yields
detectable spots to & resoclution of only 15 A. The second
unfavorable condition, related to the cause of the first,
is the broadening of diffraction spots with increasing

resolution. We were unsuccessful in our attempts to



‘Figure 14. Electron diffraction pattern from

two-dimensional crystals of FhoE porin embedded .in

autothicglucose

0 degree.

(ATE)

recorded at a specimen tilt angle of

94
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Figure 13. Electron diffraction patterm fraom
two-dimernsianal crystals of FhoE porin embedded in ATE

recorded at & specimen tilt angle of IO degrees.
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Figuwe 1lé&. Electron diffraction pattern from
two-dimernsional crystals of PhoE porin embedded in ATE

recorded at & specimen tilt angle of &0 degrees.
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significantly improve diffraction spot sharprness and the
resolution of patterrns obteained from specimerns embedded in

~TE.

Following our experience with ATE we studied FhoE porin
prnbedded in glucoze. Tt was readily appawenf that PhokE
Cspecimen embedment in glucose yielded results superior to
what we obtalned in ATGE. Diffraction patterns
representative of our best results obtained from specimens
in oglucose and at tiltes of O, 20 and &0 degrees are shown
i Figures 17 thrmugh‘19 respectively. Although fhe

resolution limit and sharprnezs of diffraction spots was

located perpendicular té the tilt axes in ourfpatterns.
This desire for even greater spot sharpness was drivéﬁ By
ouwr goal to have off- axis spots as sherp as those along
the tilt exis, an ihdicat?on of edceptional specimen
Flatness, Successful imaging of tilted specimens abie to
yvielo nigh resolution phase information reguires specimen
flatnezs of this degree. One additional goal was to
increase the wield of Righ—guality patterns obtained per

Microscope sesglon.

We theretore contirnded to esperiment with different
embedment procedures and eventually settled upon trehalose

az 0w embedment swgar of choice. Diffraction studies of

FhoE in trehalose corsistently vielded patterns with sharp
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Figuwre 17. Electron diffraction pattern from
two—dimensional crystals of PhoE porin embedded in glucose

recorded at a specimen tilt angle of O degrees.
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Figure 8. Electron diffractic~ paettern from
two-dimensioral cryetals of FhoE porin embedded in gluchse

recorded at & specimen tilt angle of 30 degrees.
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Frgure 19. Electron ditfraction pattern from
two-dimensional crystals of FhoE porim embedded in glucose

recorded at & specimen tilt angle of &0 degrees.
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diffraction spots extending tolhigh resolution (greater
than 2.5 A) even for specimens tilted to 50 degrees. We
alsc realized a dramatic increase in our success rate for
obtaining high-gquality diffraction patterms. While
providing diffraction data ideal for determining FhoE
Tattice rod intensities, the trehalose embedment protocol
also provides specimens especially suited for Righ
resolution phase determinatiorn +rom images. Examples of
diffraction from samples in trehalose at O, J0, 45 and &0

~wes tilt are shown in Figures 20 through 273

respectively. These patterns are representative of the

of the diffraction patterns collected, having

gseentially isotropically sharp spote. More tham half
of the plates in the data set are of this guality. The
remaining patterns did rnot contain isctropically sharp
spots but had off-axis spots with broadenings no
greater than orne fourth of the spots?’ centér~towcentar
distarces, For microscope sessions involving really
good specimen preparations, one usable film was

recorded for every two or three exposed.
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Figure 20, Electron diffraction pattern from
two—dimernsional crystals of FHoE porin embedded in trehal ose

recorded at & specimen tilt angle of O degrees.
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Figure 1. Electron diffraction pattern from
two—-dimensional crystals of FRoE porin embedded in

trehalose recorded at a specimen tilt angle of 30 degrees.
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Figure Z2. Electron diffraction pattern fom
two-dimernsional crystale of FhoE porin embedded in

trehal ose recorded at a specimen tilt angle of 45 degrees,
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Figw e 2%, Electrom diffraction pattern from
two-dimensional crystals of FhoE porin embedded in

trehalose recorded at & specimen tilt anmgle of 60 degrees.
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LT Frocessing of Diffraction Fatterns

Imitial processing of diffraction patterns consisted of
indexring fhe pattern’s reciprocal lattice (using the
ammﬁuter‘prugram AEDDEF ) arcl wammvimg the radially
distributed noise due to inelastically scattered electrons
juming the computer program BACED . Fallowing this, &
somputer program (FICKEYCOR) enabling oﬁe‘tm integrate
pidelized diffraction spot imten%ities was applied to each
plete. Fart of thie procedure included the removal of
faﬁidual backgrourd roise remainiﬁg aftter the initial
radial background subtracticon. An intensity adjustment
valuwe for the removal of this residual background is

et ermi ned fér each spot individually and ie based on the
distribution of noise in the area immediately surrounding
gach diffraction spolt. A typical example of a difFractioﬁ
patterrn’s residual background and its standard deviation is
given in Figures 24 and 25 respectively., A& nominal value
tor the average local background, in ow plates is about ©
while a value of Z00 iz typical for its standard deviation.
After adjustments are made for the effect of local
baclkground noise, Friedel symmetry-related diffraction spot
imtensities are evaluabed, For every symmetry—related pair
ar intensity average and difference is calocuwlated. Only
those peirs for which the intensity difterence is not

greater than thelr average nor greater than a uwuser-—defined



Figure 24. Average residual background intensitizss after
subtraction of radial background. Intensities are in
arbitrary units and &are based on & linearized optical

density scale.
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Figure 25. Btandard deviation of residual background after
subtraction of radial background. Intensities are in
arbitrary units and are based on a linearized optical

density scale.
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threshold are included in the Final‘intensitv output list.
This teet is wsad to reject those spots with guestionable
intensitiss due to scratches or foreign matter on‘ the
scanned tilm. The threshold used in our data processing
was 1100 and was determined empirically from plots
depicting the frequency of odcurremce of Friedel pair
irntensity differesnces. Examples of these plots for an
wntilted sample is given in Figure 24 and for a sample

tilted 30 degrees in Figure 27.

For a given diffraction pattern, sums of the intensity
averages and differences of Friedel svymmetry related spots
tassing the rejecticn zriteria are used to calculate &

Friedel symmetry R—factor {(Rsym) (Equation T
Rsym"
172 (1, + 1
H,K

> |

.y —
H,K H,K "‘H,"K

H,K ~H,-K

equation O

Thiis Raom fackor s wsed as 2 guallty chachimg pacamshter bao
Ansemen 5 Flye Uorrscirioaen st i fFracriun marctermes amd the

GHODEES S TR USRS Ot AL TR ACL LGN mAaLlErmE o AnNa Tne
performancs of the processing socftwar2. Irm ouwr FhoE data

set & significant frackion of diffractian sgpots have
relatively low intensity. Greater tharm 50 percent of the
retlections in the FholE data set have an intensity above

the mean background that 1s lezs than or equal to one noise
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Figure 2&. Histogram of the differences in the intensities
aof Friedel symmetry related diffraction spots from the
diffraction pattern of an untilted specimen. 'Ein widths of

100 imtensity urits have been used.
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Figure Z7. Histogram of the differences in the intensities
of Friedel symmetry related diffraction gpots from the
diffraction pattern of a specimen tilted J0 degrees. Ein.

widths of 100 intermsity units have been used.
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standard deviation. Due to the nature of equation 3, a

high percentage of very low intehsity spots can tend to
increase the csize of & pattern's global Rsym. 1f one
caiculates the Rsym for those spots with intermsity averages
greater than one roise standard deviation over background,

one obtaimns Rsym valuwes that are wsigrnifcantly amealler.

Examples of Reym factors, determired by considering all
reflections and only thoze above one noise standard
deviation plus mean backgrouncu, are listed for a few

sample plates in Table T.
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TAELE I

Evanples of Diffraction Fatterrn Raym Values

Flate Specimen Reym

Number  Tilt Angle  All Foints  Spots » 1 Std.Dev.
9170 0 Q.27 ‘ 0. 10
7584 70 0. 49 0,15
7697 30 0. 40 0. 18
0227 45 0. 40 0,15
QOO6 45 ‘ 0.2 0. 12
8854 b0 0.41 0.19

8627 6O 0.3l 0.18

The plates from 30, 45 and 60 degree tilted specimens
listed here are representative of the worst and best
obtairned for each of these tilt groups. The plate from the
untilted specimen is the best within that group although

all the plates from this group are of similar quality.



2.4 Fattermn Merginmg and Intensity Curve Fitting

Wher ready for this last phase of data processing, each
df#fraction péttern will have be=n reduced to & list of
integrated spot intengifies; More specifically, the filew
to be merged will contain the Miller indices of the
combined Friedel pairs as well as their correspuancirg
average intensities and intensity differences. The
imgenaity differences will be used to determirne the length
of the error bafé appearing on graphs where Ccurves are
fitted to the measured internsities for =ach lattice rod.
During the processing of diffraction patterns to generate
these +ileavé corresponding specimen tilt axis and angle
welr & calculated; With the diffraction spot files and their
qorreaponding tilt angles and axes to fix the patterns’
positions in space, the intensities cam be merged to form a

Z-D set of intensity lattice rods.

The Fourier transform of & Z-D crystal will generate a
continuum of intensities and phases almng the length of the
vattice rods. For transforms of such crystals which have
beern sampled via & finite nuwnber of tilted szpecimen
diffraction patterns, the lattice rode obtained from deata
merging are rnot lines of contimnuwous data but "chairms" of
discrete values. In D;der to obtain & contirmuum of
internsities along each latticé rods the data for each rod

mest bhe curve fit.

1

bl
a2
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In the

=} PhoE data base,-£o a resolution of dbout Z.E &,
there are greater than 2100 lattice rods. Emampieg of
fitted lattice rod intensity curves are given in Figure 28,
Along the #itted curQes, measured data points arz depicted
wii b an‘”ﬁ”. Fach such point represents the average of =
Frhoedel pair. The arror bars about e&ch data point
raepresent the intensity differences betweern the Friedel
‘symm@try related spots. Thus, the two extreme ends of the
grraor bars actually represent the measuwred intermsity,

values of each member of & Friedel pair.

Having created the lattice rod intensity curves allows one
to assess how well the di¥+ractién patterns merge. ‘Thiﬁ
assessmant 15 alded by the use of the Rmerye factor. This
racher is determined by & compariscon of measured
diffractiocn spot intensities with those interpolated fram
cuwregfwnd{mg apﬂtial locations alomyg the Tithted imbensiby

curves.  Equation 4 definmes the Rnerge factor as:
, 2 IOBSH Icurve
H,K | K H.K

merge =
>

H.K curve'H’P<

equation 4
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Figure 28. Examples of merged diffraction intensities ana
their fitted curves for four lattice lines. The u's
repregent averaged Friedel related intencsities while the
vertical lines associated with these points reprezent the
intensity differences beﬁween the respective members of the

Friedel pair.
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Iobe represents the average intensity of a Friedel pair
while Icurve represents the corresponding curve estimated
intensities. The summatidns are over all diffracticn
spots available. Considering all re%lectioné in the Z-D
data set a global Rmerge value of (.39 was obtained. As
1s the case with calculatiorns of Rsym factors, patterns
with large rnumbers of very lbw intensities can vield
relatfvely hiigh Rmerge factors. Since only 10 percent of
the intensities in the data base are greater than one
background standard deviation above the mean background
one would expect larger than nominal Rmerge factors. If
one considers only those reflections with intensities
greater than this lower limit an Rmérge value of G.27 is

cbtained.

As & check to see how thoroughly reciprocal space has been
sampled, one typically plots the lengths of the lattiée rods
constituting the intensity data collected. We have plotted
the 7-D lattice rod data in a Z-D format by rotationally
projecting the intensity data about zX. In the resulting
graph the horizontal axis definmes resclution within the
a¥,.b¥ plane while the vertical axis conlinues tc represent
2. In an effort to keep the plot simple we have chosen to
plot only the masximum resclution sampled along each lattice
rod. When merging the variogus diffraction patterns to
ganerace the 7-D deta set, a globel resolution limit of 2.5

A owas 1mposed. Due to the diffraction spot rejection



criteria and radial range limits appliéd during individual

diffraction pattern processing, a majority of intemsity
lattice rods in the data set will have points of maximum
resolution significantly below the global resolution
iimit. Figure 29 shows such a plot whére the sampling

limits are depicted as dots.

LI

-
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Figure 29. Sampling‘of reciprocal space. This graph is a

two~-dimensional representation of the three~dimensiornal datsa
set. It was generated by éompressing data about the z¥% axis
so that the horizontal axis represents resclution along the

a¥, b¥ plane. Each dot represents the maximum resclution

sampled along & particular lattice line.
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2.5 Distribution of Intemnsity in the 3~D Data Set

Diffraction patterns of specimens tilted at 4% and &0

degt ees displqy zones of intense off-anis reflections
centered at about 4.8 A resolution. These stréng intensity
zones ocour in the same respective region of each 45 and &0
Cdegres tilted‘pattern regardless of the orientation of the
crvstal with‘respectqto the specimen tilt awxis. The -D
intensity data set shows that tﬁe strong intensities in
these off—amié zones are distributed as a figure of
revaolution about the z¥% axis. This to?oidal distribution
of intense re%iections indicates a general cylindrical

symmetry in the porin’s structure.

The 3-D diffraction intensity set contains several
interesting distibutions ofibright reflections. Figure 20
is a contour plot of these intensities which have been
compressed into a Z-D format in the same fashion described
earlier for the reciprocal space sampling plot. The
Etrongest‘re+lections are clustered into limited domains of
reciprocal space. Of particular note are the clusters of
intense reflections ococuring at low values of z¥X which are
centered at resolutions of about 674, 134, 104 and 4.46 and
the arc-like "firnger" of stromg intensities extenrnding up

from the et,b¥ plarne centered &t about 4.8A resolution.

1
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Figure I0. Contour plot of intensities in the diffraction
data set. This graph‘is a two—dimensiomal repregentation of
the three—dimensional data set. It was generated by
projecting data about the =¥ axis so that the horizontal
axis represents resolution along the a¥, bx plane. To
genekate smooth contour plots of the intensity distribution
within the data set, the original array of data was
superpixelized‘into a 40440 pixkel matriy prior- to
contoqring. Shown in thié figure are five contouw levels,
with the firat (lowest) level réprasenting the minimum
intensity value. Level two indicates the location of
intensities greater than or equal to one and one-—half times
the standard devialbion of the intensities in the
superpidelized data set. Levels three and higher are

incremented in steps of one intensity standard deviation.
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Combining the observatior that the dominant high resolution
feature in the merge& intemsity data is the "arc" of bright
reflections centered at about 4.8 A resolution with the
finding that these reflections are foroidally distributed
about z* gugg95ts the existence of cylindrically shaped

heta—-sheet in the structure of FhoE porin.



SECTION IV

DISCUSSION

4.1 Forim Fore Diameter Estimates

We assesséd the predictiam'of porin pore diameters from the
results of black lipid mémbréne (BLM) and porin liposome
experiments; It was fpund that by‘applying appropriate values
for the single chanmel conductance and channel length,

in the equation used to estimate pore radii from

ELM conductance daﬁa, values signi+icant19 different from
those predicted from the variocus liposome experiment data
would be obtained (see Table \ and 2). The ELM conductance
based estimates derived in this manner are lower than the

minimum diamnmetzr of solutes known to be able to pass through

the porin channals (HoNikaido, personal communication). Fore

diameter estimates determined from permeability rate studies
of OmpF, OmpC amd FhokE fall into a rarge of 10 - 12 A.
Current data pertaining to porin exclusion limits appear to
be better sgited for indicating am upper and lower bound for
estimates of pore diameter rather than one specific value.
Fotential sources of error in the estimation of pore

di ameters from BLM and permeabilty rate data include
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deviations in the porin structure from that of the cvlindical
geometry imposed in the respective models, irm the use of

estimated pore lengths and in the assumption that properties
of the bulk medium such as cornductance reflect conditions

existing in the porin pore’s interior accurately enocugh.

4,2 Porin Charnnel Voltage Gating

We also reviewed the literature‘For results addressing the
existence of voltage dependent clousings of the individual
channels of porin trimers. From the evidencé we
encountered we became convinced that the channel

conduotan&es of the porins, as measured with the HELM
technique, can indeed be voltage modulafed. In our

opinion, the failure of some researchers to observe channel
closings in their BLM configurations on a regular basis is
due to various differences in exvperimental protocol and
technique. Areas 5+‘experimental_difference included whern and
where the porins were added, how the transmembrane potentials
were applied and the time interval of data recordings.
Although we wholeheartediy acknowledge the observation of
voltage dependernt closings or the major E.coli porinms and
FhoE in numerous in vitro systems, we remain to be convinced
that similar types of chanrmel closings occur in intact cells

under physiological cormditions.
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4.7 Electron Crystallography of FhoE Forin

‘Preliminary analysis revealed that our 2-D crystals of FhoE
porin were ewtremely well ordered. To ensure that we could
gbtain sufficlent numbers of high quality elecﬁrmn
d;ffraction.patterns @rom these crvstals, we embarked on a
series of edperiments in an effort to establish a protocol
which would ;liow ue to create flat, well- preserved
specimens on a reliable basis. Achieving this capability
would not only allow us to obtain high-resclution electron
diffraction data but dramatically incréase our chances for
sucecess in collecting images able to yield high-resolution
phase information even at high specimen tilt angles. After
surQeying a variety of embedment conditions we settled upon a
protocol which used trehalose as the embedment sugar.
Specimens embedded in trehalose on top of hydrdphili: carbon
coated grids yielded crystals which were extremely flat and
wrll ordered. This was evidenced by our ability to collect
electron diffraction‘patterns having isotropically sharn

spots, even from specimens tilted up to 60 degrees.

Frocessed electreon diffraction patterns were found to yield
structural information beyond 7 A resolution and were merged
into & Z—D.intgnsity data set. Analysis of the global
distribution of reflections in this data set revealed a
un%que toroidal distribution of intense reflections centered

about the zX axie at & resoclution of about 4.8 A. Since the



147

average inter—strand spacing of beta-sheet is about 4.84
(Richardson and Richardson, 1%983), this observation provides
strong evidence that a cylindrically shaped structure, mad@l
up of betamsheet represents a major portion of the

polypeptide chain of FhoE porin.

This interpretation of the diffra;tion data is in agreement
with the generél conclusiors of eaflier biophysical studies.
Spectroscopic studies have established that the E. coli
porins are predémimantly anti-parallel beta—-sheet with
little or no detectable alpha-helix (Rosenbusch 1974;
Nakamura and Mizushima 19763 Nakamura et.al. 1974: Voael
and Jaehnig 1984). The results of previous electraﬁ‘
crystallography studies of FhoE porin in both negative
stain and glucose embedment (Jap 1989) sgggest that much

of the porin's protein is beta-sheet, arranged to form a
cylindrical structure. X-ray diffraction investigetions of
OmpF porin, a porin highly homologous to FhoE, yielded
eviderce for the existence of a-significanf segment of
beta-sheet with strands oriented predominantly

perpendicul ar to the membrane plane (kKleffel et.al. 1735).

In figure 20 it can be seen that there are a number of
general features discernablé in our data which are élsc
apparent. in the X-ray diffraction data of bkleffel et. al.,
imcluding the "arc" of intense reflections located between

5.0 and 4.5 A. Unfortunately the paper of kKleffel et.
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&l ohly contains one azimuthal view of the distribution of
diffraction inténsities. This is not sufficient ﬁb aASsBESs
whether this diffraction data set containsg a toroidal

distFibution of intense high resolution reflections similar

to that seen in the FPhoE data.

Although there is & contiruum of relati#ely strrorg
intensitf%s‘along the high resolution ”érca in the PhoE
merged data set, the stronmgest intensities are clustered

into a few regions. Figures 31 through 37 are graphs of
intensities present along reciprocal space "arcs" of varving
widthe which are centered between 4.75 and 4.8 A resolutiqnf
The horizontal %Hes of these graphs describes the angle of
imclination up from the aX,b¥ plane. From the perspective

of & protein oriented in & lipid bilaver, these angles can

be considered to represent the angle formed between the
observer’®s iine~of—sight to the protein and a line normal

to the membrane plane. What one readily notices in these
figures is that the strongest irtensities are clustered
bimodally about inclination angles of ¢ and 35 degrees.
ﬁddftionally, it is apparent that the relative heights and
widthe of these clustering peaks are quitelsensitive to the
widths of the arc zones evaluated. 0Ff the two major clusters
at 0 and 75 degrees, the brightest reflections are assotiated
with an average inclination angle of 35 degrees. Additional

clusterings of substantiélly lower intensities are distributed



Figure 31. Distribution of intensities along & radial

resolution arc of 4.8 A. The width of each intensity

integrating bin is ore degree. Reflections at & rescolution
within 0.001 1./8 of Q0.208 {./A were chosen. Thfs case Was
arranged so as to show the distribution of intensities 1n &
rnarrow region about 4.8 A, the average intergtrand spacing

in beta-sheet.
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Figure TZ. Distribution of intensities along a radial
resoiution arc of 4.78 A, The width of sach intersity
integrating bin is cne degtree. Reflectiohs at & resolution
within Q.0025 1./A of 0.2095 1./A were chosen. This case
was arranged so as to show the distribution of intensities
in & zore centered at the location of péah intensities
cccuring within a 3.0 to 4.9 A resolution window at an
inclination‘angle of 0 degrees from the aX,b¥ plane. The
width of the zone is equivalent to the standard deviation

of the intensities about the peak at O degrees inclination.
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Figure T3. Distribution of intensities along & radial
resclution arc of 4.73 A, The width of each irntensity
integrating bin is one degree. Reflections at a resclution
within 0.01 1./A of 0.21 1./A were chosen. This case was
arranged so as to show the distribution of intencsities in a
zone cerntered at the location of peak intemsities occuring
within & 3.0 to 4.5 A resclution window at an irmclination
arngle of U degrees from the a¥,b¥ plane. The width of the
zone is equivalent to the standard deviation of the

intensities about the peak at 75 degrees inclination.
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throughout the length of these "arcs". The interesting
distribution of intense reflections seen in this data
indicateslthat although some of the protein's beta-sheet
strands are distrib@ted over tHe rarnge of til£}angles fr-om
0 to 60 degrees, relatively large portiona of the protein’s

beta-sheet are made up of strands tilted close to O or I5

degrees away from & lime rnormal to the membrane plane.

To obtain & lenath estimate of FhoE porim structure extending
perpendicularly through the membrane, an amalysis of the
latticé rod‘intensities Was conaucted using metheds
described‘by Henderson (1973) . In such a treatment, one
considers the modulation of low resclution intensites along

& giQen lattice rod to be due in large part to thé thickness
of the proteirm within £he membrarne. This intensity modulation
has the form of a sinc function and is modeled as the Fourier
transform of the step-like extent of the membrane. 0One then
can gét an estimate of the protein thickness from the width of
the first maxima &t half-maximum. intensity. From our
analysis we determined & value for the mean structure length
of I7 A having & standard deviation of 12 A. These values

are based on data from 74 lattice rode.

Based on the results of an FTIR spectroscopic analvsis of
OmpF porin two general secondary structure models for that
porin were proposed and aszsessed (Nabedrvlk et. al. 1988).

One model requitred that all the porin’s beta-sheet strands



have an average tilt of about 45 degrees away from the
membrane plane while a second model contained two major
. domains of beta—-sheet, one in which the strands were parallel

and another with strands pérpendicular to the membrane plane.

Since previous X-ray diffraction studies (Kleffel et.al. 1985)

had been interpreted as indicating & significant presernce of
urntilted beta-sheet strands, MNabedrvk et. al. endorsed the
latter model. we‘have rot found eviderice for the ewistence
of & large population of‘beta~5heet strands with an average
ti;t of 45 deg}eee in the FhoE 7-D data set. While we have
found evidence indicating & significant population of
untilted beta-sheet strands in tﬁe structure ofyPhoE, we
have not seen strong intensities at & resclution of 3.9 A

in the aX,b¥ plane which would be predictive of a similarly
sized domain of beta-sheet strards parallel to the membrane

plane.

Recently, the projecﬁion map of untilted FhoE porin has been
determined to 2.5 A resolution (Jaﬁ et al. 1990). In this
map. the highest density {eature is & "beaded" ring-like’
structqre which demarks the perimeter of each monomer in a
FhaokE trimer.. The average spacing betweern the "beads" of
each monomer associated '"ring" is betweern 5.0 and 4.5 A.

The dimensions and distfibution of these high density
features is compatable with the idea that this projection
map represents an enrd-on view of cylindrically arranged

éegmentg ot beta-sheet in which & significant fract:ion of

!
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the full length of the beta—-sheet strands are oriented

esgentially perperndicular to thé membrane plarne.

In summary we have presented evidence for the existernce of
majior populations of beta-sheet strands with average tilt
angles of O ard 30 d&éree&. In addition to these primary
beta—aﬁeet strand populations thers also appears to be
lesser amounts of beta-sheet strands with oriemtaticns
covering the range of tilt angles from O to 60 degrees.
Finally, these béta—sheet strande are predicted to be
arranged iﬁto a gernerally cylindrical structure.

/
Incorpofating this interesting mix bf beta-sheet strands
into & stereochemically acceptable structure would appear to
require a complex arrangement of the protein elements
described. I¥ the general structural motif of a FhoE porin
moriomer 1s & right cylinder, certain organizational
constraints must be reckoned with. Such cylinders would
Fave to be able to germerate the. unigue spatial distribution
o% strong intensities in the data set, for erample those

seen at  irclination angles of O and I5 degrees.

One interpretatiorn would be that this uwnigue intensity
dimtributipn is the result of a tilted arrangement of right
beta-sheet cylindersz comprised of & homogerneous population
of beta—-sheet strands with a tilt angle relative to the

nornomer axis that is not equal to 25 or O degrees. The



effective tilt of the beta~eheset strands on each monomer

within a trimer would be the combirned resuit of monomer tilt
with respect to the three-fold trimer axis, tilt of the

i mer three—fold axis with respect to the membrane plane,
and -tilt of the beta-sheet strands with respect to the
moromer adis.  The likelirhood that such a scheme is actually
reflected in the FhoE structure seems low since the moromer
tilt angles, as implied by the nega£ive stain data, appear
to be too small to introduce the variet? of orientation
needed to gemerata the bimodal irntersity distribution from
strands of a‘single tilt angle. Althouéh a monomer pore tilt
angle of about 20 degrees was détermined fraom the rnegative
stain data (Jap 1989), the general shape of.the stain filled
regions implies that the protein cylinder itself is tilted
very little. Froper assessment of the feasability of this
general model will require modeling analysis beyond the

scope of this thesis.

The other alternaiive is that the monomer structure itself
is made up of beta-sheet strands with tilt angles close to
IS and O degrees. The stereocchemical desian by which such a
structure could be realized cannot be deduced in advance,
and one must simply wait until a high resolution Z-D density
map is-available‘be+ore trying te build a molecul ar model
that can accpunt for the observed distribution of

diftraction intensities.



Althouwgh we cannot solye the structure with the information
currertly in hand, we can assess the degign constraints
imposed by structural parameters such as‘cylinder size and
the predominant beta-sheet strand tilt angles. From
projection maps of untilted FhoE embedded in glucase the
circumference at the mornomer’s widest poirt has been
estimated to be about 100 A (Jap 1989). Awménomér with

a circumféremce of this size could cortain a beta-sheet
tyvlinder composed of 21 untilted stréands, or 17 strands

with & tilt of 285 degrees wilth respect to the mormomer’s axis.

One organizatiormal scheme feasable under the above conditions:

is that a monomer consists predominantly of & staclked
arrargement of cylindrical sagments>rings, each segment
homogeneously composed of beta-sheet strands tilted either 75
or O degrees. Based on surveyvs of soluble protein structure
(Richagdson, 1981) a relatively large change in beta-sheet
strand tilt angle can be brought about through a combimation
of épproﬁriately placed beta-bulges and turns. Therefore,
between cylindrical domains of 38 and © degree tilted
beta-strands one would also expect to find intervening

strand orientation transition zones. If the ﬁumber of
strands malking up the monomer wunder such an arrangement 15,
held constant along the moncomer’s length, the diameter of

the cylinder can not be maintained over its length. This

combination of structural elements would result in &

moromer having a stepped furnel-like apperance.
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A variant of the previous structural scheme is the case of &
constant diameter monomer. If & monomer cylinder of constant
diameter was to be made from stacked homogeneous segments of
33 and O\degree tilted beta~sheet strands, then strands
would have to be remaved ot added as one traVeraed the
length of the moromer. @As with the variable ciameter
evlinder scheme, charges in strand tilt from O to 39 degrees
could be brought about through & combination of beta-bulges

and turms.

An additional point to consider is whether & monomer with
constant cylindrical dimensions, such as those noted in the
projection map of FhoE, could form an effective pore
diameter of the size expected from BLM, diffusion rate and
exclusion limit experiments, about 10 A. Satis%ging boﬁh
dimensional constraints with this cylinder seems highly
improbable, for even if the cylinder interior were
thoroughly lined with the longest amino acids available (eg
lysines) fully extended from the. beta-sheet backbone, they
would rot be able to form a channel-like occlusion with a
diameter as small as 10 A, One answer to this apparent
problem would be thé additiorn of other channel-forming
segments of beta-sheet héving a diameter significantly
smaller than the maximum cylinder diameter seen in the
projection map. In the FhoE projection map relatively higﬁ
densities, comparable to those forming the "beaded trings"

described earlier, are seen within the confines of the
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apparant beta-sheet cylinder, indicating that additional
channel -forming structures of narrower dimensions may indeed

be part of the monomer's structure.

The models considered above Have made use of "stacked"
arrangements of Cylindrical regions of beta-sheet composed of
Fomogeneously tiltad strands. It is also possible that the
pofin structure’s beta-sheet contains a mivture of atrénd
tilt angles distributed‘abmut the moromer’s cylindrical awis.
Such arn arrangement might be the end result of beta-sheet
strand extraction and could leave gaps or other

imperfections in the "lattice work'" of the beta-sheet in
regions where strand/strand hydrogeﬁ bonding could not

ocour., Concern about the functignality of a structurally
imperfect cylinder would be lessened if this cyiinder were

enclosing a second smaller cylinder, possibly made from the

~

same extracted strands thaﬁ caused the outer cylinder
imperfections.

Whatever the actual protein envelope it is evident that a
beta-sheet structure architecture more complex thanm that
described for a typical beta-barrel (Richardson 1981,
Salemme 1981, Salemme and Weatherford 1981) is involved in
the structure of FboE porin. How such & task has actually
been accomplished will have td awalit the determination of

the high resolution structure to Ehree dimensions.
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4.4 Futuwre Frospects

-

We have obtained a complete 3-D intensity data set of FhoE
porin extending wuf to a resolution of 7.9 A. Data out to
this resolution has heen éhown to be reliablé according ko
- the gccepted criteria for evaluating electron diffraction
data, Rsym and Rmerge. aAlthough this represents a
significant stride, the intensity data 5e£ remains only oﬁé
half of the data reeded to solve the atomic strgctura of
FhoE porin. We aré‘currently in the process of collectirng
images‘to obtain‘high resolution phase iﬁformation‘which
will become the remaihing half¥ of the data needed. As
high=-resolution images are’obtained, the intermsity data set
will aid in the determirnation of contrast transfer functions

and in the evaluation of image gquality.

A team of researchers have made significant progress towards
solving the structure of Rhodopséudumonas capsulata (K.
capsulata) porin to atomic resolution via meay
crystallography (MNestel et al. 19289). They have

reported obtaining crystals of the native proteirn which
diffract beyond Z.5 A. Functional porin is isoclated

from the bacteria in mormomeric form. This is im contrast to
the major porins of E. coli, as well as for FhoE, which are
all isplated in & +uﬁctloﬁal trimeric form and fTor which

monomers can only be obtained under deraturing conditions.
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Circular dichroism spectroscopy of the parin from R.
sphaeroides has shown, Jjust as for the poriﬁs of E. coli,
that the protein is predominantly in a beta-sheet |
conformation with little ar no discefnable yevel ot alpha

helix (Weckesser et al. 1984).

The ersatility of these proteins 1n serviné as regulators
ot solute diffusicon, as well as their resis%ance to
denaturation over a range of extreme conditions is widely
recognized. As the structures of the porin% from E. coli
and R. capsulata are determined 1t will be of great
interest to know what common and possibly uhiqug structural
moti1fs enxist between them. The architectures revealed in
these "simple'" transmembrane channels will provide models
for understanding the mechanisms involved in membrane

transport and may even serve as the blueprints for the

design of novel proteins.

The results of this research and- the preliminary findings of
FhoE imaging studies (E.kK. Jap .wnpublished results)
indicate that aobtaining high-rescliution phase information
from tilted specimerns 15 a realistic expectation. More
significantly, they indicate that solving the structure of
FRnoE porin to atomic resoclution by e®lectron crvstallography
18 an achievement we can expect £m accomplish 1in the not too

distant future.
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