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Intr'"odL.c t _.or,

At present the photosynthetic reaction centers of

Rhodobacter viridis and sphaereides are the only membran_

proteins for which tl_e structures have been determined to

atomic resolution _Deisenhofer et.al. 1984; DeisenhoTer et.
/

air 1985; Allen ct. al. 1987 ; Allen et. al. 1987 ). The

atomir_ structure of the Rhodobacter sphaeroides reaction

center was determined with the aid of the phase information

derived from the solution of the viridis structure. Solving

the viridis structure, Tor which the Nobel prize in

chemistry for 1988 was awarded, was accomplished with the

use of X-ray crystallographic techniques on

three-dimensional crystals composed of protein-detergent,

complexes. Other membrane proteins, such as OmpF porin and

bacteriorhodopsin (bR), have been crystall ized for X-ray

study. Unfortunately, progress on determining the atomic

structures of these proteins has suffered due to a lack of

high resolution order in crystals of the native proteins

(eg bR) or du_e to difficulties lr, obtaining well ordered

crystals o# protein heavy atom derivatives (eg OmpF porin)

(R.M. Garavito; B.K. Oap personal communication).

As the "hard" kr,owledge base of the atomic structure of

membrar, e proteins currently exits, it is solely comprised

of the resul Ls o# the X-ray studies on Rhodobacter



pl-,otosyntheLic reac:'Lion centers. The range of membrane

protein functi:_n is vast, and includes roles in energy

transduction; passive, facilitated and active transport_

and transmembrane signalling. The structural schemes for

,,

organizing peptides into functional membrane °'machines"

will undoubtedl×' be as wide ranging. F'resently, "r'ules" or

algorithms for predicting whether peptides will assume a

certain local conformation, helical versus beta-sheet Tor

example, in an environment of some assumed polarity are

o verwhelmir, gly based on studies of soluble proteins.

Obviously., jf the ability to predict or assess the

structure and function of membrane proteins is to improve,

structural data from many membrane proteins will be needed.

Electron crystallography, ar, alternative

Another approach to studying the structure of membrane

proteins is the use of electron crystallography. Due to

the strength of the scattering interaction between the

specimen and the electron beam_ electron crystallography is

ideally suited for the observation of monolayer crystals.

Monolayer (one unit cell thick) crystals as small _s i-10
i

micrometers in dien_eter have provided high resolution

structural information for a number of membrane proteins

(Henderson at. ai. 19_6; Henderson et. al.. 1988 ;

Kuh]brandt and Downing 1989; Jap B.K. 1.989I. F'rotocols to

form crystal s of this type typi cal iy reoui re protein



quantities of 'the _mr-der o_ 1 rriii].igr'an,, whereas protocols

designed to generate .three-dimensior, al crystals suitable

for X-ray studies may reqL,.ire a thousand fold more protein.,

ThU_i., electron crystallography could be a distinct.

advantage wlTer, working with low--yield membrane proteir,

systems. Besides allowing one to work with smaller

quantities of protein, lipid bilayers offer an ideal

chemic.ai and physical environmer, t for studying membrane

proteins. An additional advantage cT the use c,_ electron

c.rystallography 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
u

electron micrograph images.

Why study F'hoE pori n?

Dr. Bing Oap has crystallized PhoE pore-forming protein

(porin) from the outer membrane . of Escherichia coli (E.

coli) into monolayer crystals. The findings of this thesis

research, ar,d those of Oap (1988,1989) have determined these

L

crystals to be highly ordered; yielding struct,__ral

information to a resolution of better than 2.8 angstroms.

PhoE porin shares strong homologies with, the major outer

membrane porins of E. coli and Salmonella typhimurium (S.

typhimurium), OmpF and OmpC. These s:i.milarities inclucle not

or,ly general low resolution stuctural features and
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f,jnctior,, but a high degree of correlation (better than 60

percent) lr, amino acid' sequence. The porins as a class of

proteins l-,a_e beer, studied intensively and a wealth of

information addressing their biochemical and

e].ectrophysiological properties exists. Spectroscopic

studies have found these proteins t.o be rich lr, beta-sheet

structure. Indications are that PhoE porins as weil. as the

general family of porins make for at, ideal experimental

system with which to study the structure and fu.nctional

properties of "simple '° tran_membrane channels.

All of these notions reih'force ou.r opinion that the time is

right for attempting to determine the higi-, resolution

,_ ,_ ,,

three-dimensional structure of PhoE porin. My task in this

thesis has been to collect and process the electron

diffraction patterns necessary to generate a complete

three-dimensional set of high resolution structure factor

amplitudes of PhoE porin. Fourier processing of these

amplitudes when combined with the corresponding phase data

is expected to yield the three-dimensional stucture of F'hoE

porir, at better that, 3.5 angstroms r_solution.
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Sect ion I

BACKGROUND

' i. 1 The outer-memb,_anes of gram-negative hactel_ia

The ou.ter membranes of gram-negative bacteria ser've'as tlTe

"front line" of tI_affic management for solutes entet_ing and

leaving the host cell. They al e protein-i'mpregnated lipid

bilayers in which the component lipids are partitioned in

an asymmetric manner. In wild type organisms., the lipi.d

component of this membrane's c_uter (e'.,'tracellular) leaflet

is exclusively lipopolysacchride while the inner

(periplasmic) leaflet of this bilayer is composed of more

conventional lipids such as phosphatidylethanolamine and

phosphatidylglycerol., commonly found in plasma membranes,

The head groups of these lipopolysacchrides have a strong

affinity for divalent cations like Ca++ for example._ and
,,

given sufficient concentrations of these ions_ the

,outer-membrane can form quite a formidable permeability

bal-tier via this head gro_ip,"salt bridge network (Nikaido

and Vaara .1.985). It: is the addition of pore-forming

proteins (porins)., that gives the outer-membrane its useful

permeability'., albeit in a regulated fashion. The poI_ins_,

of which F'hoE pc,tin is but or,e.,represent a significant



fi'-actior, o4: the total outer-membrane protein. Two other

proteins, murein l ipoprotein and Omp A (in the specific

examples of E. coli and S. typlnimurium) comprise the

remair,der of the major outer-membrane proteins. A general

architecture of the outer membrane shared among the

spectrum of gram-negative bacteria is depicted in figure I.

OmpA is believed to exist lr, monomeric .form in the

outer-membrane, and it has a molecular weight of

appro_imately 35 kD. Although it does dot seem to

self-aggregate in significant numbers in the membrane _ (Ueki

et. al. 1970 ), it is frequently isolated as a _omplex with

murein lipoprotein (Palva'1979). OmpA appears to have a

significant portion of its mass located in the periplasm

(Chen et. al. i_80 ). From permeability and transport

studies of wild type and mutant OmpA producing bacteria,

OmpA appears to be of importance in maintaining normal

rates of transport through the outer-membrane but not as a

specific channel-former itself (Manning et. al. 1977 ;

Nikaido et. al. Iq77). The most probable functior, of this

protein appears to be in ensuring the structural stability

of the outer membrane (Manning and Achtman i_79 ).

Spectroscopic studies indicate that these proteins have a

high beta-sheet content (Nakamura and Mizushima 1976).

J



Figure i. Structural overview of the outer membrane and

as_o_,:iated structures. The lipid bilayer of the outer

membrane is of asymmetric design. The outer leaflet of the

bila_er is composed exclusively of lipopolysaccharide while

the inner leaflet is composed of phospholipids. The outer

membrane is studded with many proteins of which the porins

comprise the major fraction. OmpA and murein lipoprotein

are there in lower numbers and help to "anchor" the outer

membrane to the peptidoglycan.
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Another important constituent of the outer membrane is

murein lipoprotein. This lipoprotein has an apparant

molecular weight of about 7 kD. Its structure appears to

be that of an alpha-helical protein covalently attached to

fatty acid chains, allowing this hydrophobic tail tc,

partition into tlTe inner leaflet of the bilaver while

exposing the protein domain tc, the periplasm (Braun et. a].

i#76). Although most of the lipoprotein isolated from the

outer-membrane is available in a "free" state, a sizable

amount (about one-third) is found to be covalently bound to

the peptidoglycan of the periplasm (Inouye et. al. 1972).

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
,

relying on one specificpore type, the outer membrane is

host to a spectrum of porins, with each type adding its owr,

permeability/selectivity characteristics to the membrane's

net permeabilty profile. The porins achieve this variety

of permeability "through a combination of pore size,

distribution of charged and polar amino acids, and in some

cases s_,bstrate specific binding sites. When a challenge

such as pl_osphate starvation is presented to bacteria such

as E. eoli and Pseudomon_s aeruginosa (P. aeruginosa), both



Ic'l

respond by elevating their outer-membrane population of an

anion preferential porin. Even though identical

environmental challenges _were applied to the bacteria, the

two respond with different "solutions". E. coli wou_d

elevate the percentage of its general purpose anion

selective porin, PhoE_ PhoE porin has as its basic

functional unit a trimer of pores or channels (Jap 1989 ).

P. aeruginosa woe,ld increase its outer-membrane population

of protein P. This is a phosphate specific porin with

monomers as their basic functional unit (Hancock and Benz

1986) . Although there are no specific'rules on how a

pmrin must be designed to meet the particular needs of a

host bacterium, common design themes have been found.

These will be reviewed in the following subsections, with

specific emphasis on the porins of E. coli.

1.2 Porins of Escherichia coli

The porins of gram-negative bacteria can De catagorized 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 a great

variety of porins exist among gram-negative bacteria, many

share common physical properties and structural
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(_i,al-acteristics. lt is these generalized properties that

make these porins ideal model systems for' studying and

characterizing ion transport J'hrough channels. For my

thesis research I have chosen to study PhoE porin., an anion

selective porin isolated _'.rom the ou.tel- membrane of

Escherichia coli. Before _cliscussirTg further details

specific to F'hoE., I would like to su.trey' the porins c,f

primary influence in Escherichia coli.

The major porins of Eschericlnia coli are considered to be

OmpC 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 e>'cluding anions. Anions can

diffuse through these pores at significantly reduced rates

as compared to cations. No specific solute selectivity has

been found in these porins. Although both OmpF and OmpC are

found in the outer membrane of wild type strains under

normal conditior, s., OmpF is found in lqigher quantities than

OmpC. Under conditions of osmotic stress this relationship

is reversed with OmpC being e;_pressed in higher numbers

(Nikaido and Vaara 1985), F'hoE porin_ an anion selective

porin., is under normal conditions expressed in low numbers.

Under conditions of phosphate starvation, hence the source

of the "pho" part of its name, its expression into the

outer membrane is greatly increased., elevating phosphate

uptake. This porin., while preferential to anions_ is also
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non-exclusive for anion diffusion and a_ill accommodate the

transport of cations, although not as efficiently as OmpF

and OmpC. Also present in reasonably large concentrations

is Lamb porin, the "lain°'segment of its name referring to

its ability to act as a receptor for lambda phage. This

porin is an example of a substrat.e specific_ channel. In the

case Of Lamb porin the specific substrate is maltose

(Haz el bauer' I#75; Szmelcman and Hofnung 1975_ Luckey and

Nikaido i#80 ).

(



1.3 Ph'x'_.-.ica]. ano Chemlca]. Fr'operties

1.3.1 F'or'_ Exclusion Limi'Ls and Rates c._fF'ermeabilit_' ,.

Various techniqLtes have been aplz,lied in the

charac_.erizatior, c!f the trar, sport _,r,_-,perti_:-'J.s,-,.i:F_ c:cli

:,orins. Some .-_,'_the first expei'-iments, c:ti].ized por'ins

recor..stituted :ir,tc! l:iposomes tc, _=..tLJ.d,_,'the cl'i._.u=_:i, or,. o_

sc-.,].utesthroc!gh the po,"es. Or,e cl"i4"erior,.-..... L:.-_4:ul in
f

cr_,n,parincl the #,__r__t.ior_al =_harcter"_,.stics o# di#.fer'ent poi_ir]s

is the exclusion limit of the porin char, ne.ls. Experiments

conducted with porin-impregnated liposomes can test for the

ability of a solute to pass through the vesicle bilayers..

These tests were perfomed using radiolabeled solutes,

surveying a range of molecular weights, encapsulated in the

vesicles during the process of. l iposome formation. In

addition to the solutes being evaluated, trapped inside the

ve__icles were also larger porin-impermeable substances

].abeled with a di#ferent radioisotope. These vesicles were

then transferred to a sizing column. The column migration

c_;fsolutes able to pass tlnrough the porin pore_ wou].d be

mur'h slower that, that "__ the iip,osome_ Lhemseives, allowir, c,

for a comparative analysis of the radioisotope ratio

contained .ir, the liposomes af".er elution. For the ma.ior E.

coli and S. typlnimul'-ium porins OmpF and OmpC, the upper

mF,]eCLt]_)_ wei_,ht of solutes able Lo pass through the pores

fe].l into a range oT 5Ci,& to 700 dalton,s. ( Nakae 1976a_
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Decad and Nikaido 19-:6; Nakae i_76b). Porin pore limiting

diameters were then estimated fr'ore the calculated.,m_- ke

radii oT solutes falling in the range of a poI_in"_ exclusic, n

limit. Based on experiments with the porins of EscheriChia

co].i and Salmonella typhimurium , maximum pore diameters in

the ran,.:?eo,_ ii to I-' ...._. alTgS'tr'oms lisare been predict._d

Althc, ugh the li;_osome eTflux,"diTfu,.sion as.says desc:ribed

above were useTu], in determ'ining the moiecu].ar weight _upper

].imits of solutes able to diffL,.se .through porin pores,

they did not have the ability to resolve time dep,endent

characteristics of the pores, such as the solute dependent

permeabilty rates To stL_dy these parameters i iposome '

swelling assays were performed. (Luckey and Nikai. do 1980;

Nil.::aido and Roser, berg 1981; Nikaido and Rosenberg 1983) In

these experiments porin impregr, ated liposomes are

reconstituted so as to entrap large impermeable molecules

such a.s dextran. These vesicles are then transferred to an

isotonic solution of the solute whose poriri permeability is

to be assayed. Solutes able to diffuse through the pores

oT Ll-,e por'in,_--., i ncorp,_ra.-.ed into the 1 ipcisome hi iayers

increase the tc,t_-'tlsc-_iute r-oncen_atior, inside the

liposomes. An osmotic gradient is established _.,hich ir, turn

promoLes the inT].u_' of water causing rite li.posomes to

swell. This swelling can be monitored by measurement of the

liposome containing solu.t,ion_s ability tc) scatt.er light.

Relative solute permeability rates are then deriveo



i/

directly f. rom t, lne liposome swelling rate data of t.he

specific solutes a_sayed. Due 'P_oexper'imental diT_icult, iesi

iF, separating the effects r_,fthe coupled movements of

differ'erlt buTTer ions from those of charged test solutes,

'the liposDrr, e _;-.:,4e].].'i.ng assay ],s mc,st re].iably applied in

F_,er_me_bi].i'l;.,._" s!_uci:i, es o< unczITarged solLit.e_; (Ni l.::ai do a'',d

.......,,_._:,r a I?_.._c'_',,. 7,",r..... .sol u.te-.nc.,nspeci _.i c pot i n_,_ i ._ has b_er',

slTowr', _hal';. tlT_, values Tor" the iogar'i'ILhm oi: the r"eiaT'i,,.'e

so].Lz.te perm,_abilities decrease ]ilrTearly with an increase in

sol ute r,,olecul ar wei L_l-,t(Ni kai do and _oser'Iberg ].'gE'.l) •

'Estimates oT pore size based on these measurements of

,,

relative permeability were calculated using equations

describing a physical model developed by Renkin (1954).

Pore diameters of 10.8 and 1(:).6 angstroms for E. coli OmpC

and PhoE respectively, 11.6 angstroms Tor E. coli OmpF

(Nikaido and Rosenberg 1983) and 2(')angstroms for protein F

of P. aeruginosa (Yoshimura et. ai.. 1983) have been proposed

based on this general approach• For a comparison of pore

• s',izes based on this and other experimental techniques see

Table 1 in section I 3 _ 1• _ z-u •

Experiments or, porin pore permeabi].ity have alscJ been made

on intact bacteria. The niethod employed here has been to

monitor the rate o_,hydro].ysis of solc,.tes in the., medium

into which th'e bacteria have been placed. Beta-]ac41am

antibiotics ha','e been solutes e,'a].uated with t.l-,_s

e:_perimental protoc:ol. H,,'drol,'sis of these antibiotics
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experimental protocol. Hydl"olysis of these antibiotics

takes piace in the periplasm where the beta-lactam enzymes

exist. Outer membrane permeation and enzymatic breakdown

oJ,• the solute in question can be modeled as two independent

processes, uptake governed by simple diffusion as decribed

hy Fick"s first law ancl substrate hydrolysis by

Michae,].is-Menten kinetics (Zimmerman ancl Rosselet 1977 ;

Sawai ct. a,l. 19?7). Laboratory measured solute hydrolysis

rates can therefore be decomposed into separate rate

contributions _rom each step, yielding am, est:imate of porin

pore permeability. The finding that porin deficient

mutants suffer up to a 100-fold reduction in beta-lactam

permeation emphasizes the existence of an in vivo role far

porir, in outer membrane permeability.
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1,3.2 F'orin Channel Conductance and Gating

l, , /

Another approach to studying permeability properties of

porin is the use of black lipid bilayer systems. These

experiments use a vessel._ made of a hyclrophobic mater:ial

such as teflon or polycarbonate plastic, which is

partitioned into two chambers by a barrier or membrane

which is also hydrophobic in natL,.re. This barrier has a
i

small centrally located hole usually a few hondred

micrometers in diameter, lt is across this small hole that

lipid bilayers are established and the proteins of

interest, in this case porins., inserted. Buffer medi_m

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 the lipid

bi layer and conductance measured, Several methods for

generating porin containing black lipid membranes have been

described (Benz et. al. 1978; Yo!Jng et. al. 1983 ; Cohen

et. al. 1982 ; Schindler and Rosenbusch 1978; Schincller and

Rosenbusch 1981) .

In the many BLM 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 evider, ce of. channel gatin.q.

Investigators who reported no evidence of porin channel
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voltage dependent oating indicated that theil ....e,,peri mental

data e_.Fectively contained only cQnductance increases ,

t_eflecting porin insertions into the bilayei_s, Decreases in

conductance, although observed were cited as a rare

o_.c_.,.renceand as sL_.chdismissed as the result oT porin

inactivation i;',t_esp_-.,nseto applied potentials npp,r(_naching

the breakdown limit of the membrar, e (Benz 1985 _ Hancock

19_87), Other investigators have demonstrated tlTat not onlyi

can conductance increases be regularly observed, but i
L

voltage dependent Li_]a_ing_7_ the p_rin __hanr,els can be as

well (Schindler and Rosenbusch 1978.,1981; M_uro et. al.

1988; Dargent et. ai. 1986; Xu et. al. 1986 ). In tlnese

e_.',periments one can also _ind ample evidence to support the

conclusion that conductance decreases are quantized in

fractions of the porin singie unit open state conductance,

For e_.'ample.,an open state _onductance of 1.7-2 nS per PhoE

porin trimer has been reported (Benz et. al. 1985; Dargent

et. al. 1986) _hile step-wise cc_nductance decrements of

about 0.6 nS were also reported by Dargent et. al. For PhoE

this information therefore describes a por'in trimer in

which each monomer channel has a conductance c.,fone-'L'.hird

the total conductance ,of the tr'imer in its full x "open"

state.

Tlne apparent inability (_f certain researchers to detect

pcJrir_ channel closings c,n a regula_ _ and reliaole basis

appears to be due to the experimental procedures employed.
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_ T.vpica] lr; the prot ,'_" " , ...c_als c:,_. the many researcher_', who have

repar+_ed abserva'tion,__ of channel _].asul_es, detergent

solu_.biized porin is. added tc, one o__ the two, BI'.M ve---..icle

chambers aTter the formation of a BLM. After application of

an initial membr'ane potential..tc, accelerate incorporation

o _, p Of :i,n i n t (:, t I-,e b i 1 a y e r, t h e p c)1 a r' i t,y a T t h e a p F-'1 i e cl

,, poterTti, a]. is r-eversed and the urli. tal_y closing I_espc, rT__e

rec(__r'ded. Benz and cc,1].aborators report t.hat t.hey would add

_'Jolubili-.Ted porin to their" .apparatus '_ chambers before or

after fc:rmation of a BLM (Benz et. al. 1985 ). They would

then apply a membrane potential and observe, al most

exclusively,_ conductance increases regardless oT the

pal ari ty of the membrane potenti al. Si mi.Iar behavi or has

also beer, observed by' researchers who have observed channel

closings. This behavior could be observed when, iT L,.pc,r,

breakage of a BLM after the addition of porin, a new

membrane was "painted" on and the experiment continued; iT

porin was added to the BLM chamber prior to establishment

c:,fa bilayer._ i'F porin :was originally added to the chambers

on both sides of the membrane; iT the vessel was not

cleaned fastidiously between e.'..'pJer'imentsor '_'_'fa

cor_cent.ratior, oT solubilized porir_ nigk_er t.har, wh,:..::_:,was

needed to generate a mi_nimum number" of incorpor'ation e,.'ents

was used (V, Vacata and H,, Lecar., personal cc_mmunic:atiioni:'.

These observation_'.:, appea ..... Eo _r_d'i_.:at_s t.hat in a 4'.liven

._,..._p,eriment the bulk a'f ciet.el_ger_4_ sci]uh'i, lzecl pol_ilTE_ added to
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c:rle c.hamber of a te_,t '_'esse]. al_e, u.nder" the in_:!uence C,f an

app],ied "insert',L_jn" voltage._ diI_ectionally insel_ted into

the BLM bilayer, One ex p ].an at ion for this would be that

detergent solubilized porin's bear a consistent asymmetric

clistribu.tion of c.harge __ausing them to respond as_ dipoles

,,._r_i..lel...._he in_,luenc'.e of an applied e].ec'tl.-ic .field, I_ one

_,_ere to place .sLch solubilized porln on both sides of a BLM

bi].ayer tlnen t-e,'q,arclless of tlne pc',].arity o_" the applied

membrane potential one _._ould detect cor°ductance increases,

Considering that insertion events occur very rapid].:/ with

respect to typical times reported f_r channel closings., it

is very _inderstandab].e that even Tor experimental

recordings many minutes in duration it would be very

difficult to detect char_nel closings on a 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 breakdc_wn, The recordings _or the porins OmpF._

OmpC and PhoE repeatedly show _onductance decreases in steps

o_ approximately one-tl-,ird the peal.:: _open trimer) coF,du,_-tance.

It is highly doubtful that a ranOom prc,cess such as. proteinI

denaturation woulcl occur ir_ such a (zonsistent ancl orderl.r'

fashion. Another hallmark of voltage gating is the presence

of reversi bi ].it,;'in 'the process. Indications o,_ reversibi].ity

rl the clos'i.n_] of the porin _hanne.].s is evident irl many of

tlne recc_rc!ings oT pqn_"in _--hannel _losi__gs. In these



recordings one can usua].iy fir,d state-s of the porin where

the cQnductance is tempor'arily osc:i]lating oetween

conductance decrease steps strongly indicatir, g

reversibility in the gating process (Schindler and

Rosenb,_:sch i978, I_8i; Dargent et. al. _#°"

i (_'J_ .r_ , " . •_,_'_ ,see Fi___re 2 "J
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Figure 2. Idealized representation of a typical unitary

response for porins in a Black Lipid Membrane experiment.

This cartoon captures the essential features seen in

tracings of porin voltage _ependent gating (Mauro et. al.

1988; Dargent et. al. 1986; Engel et. al. 1985). The

unitary response begins with an initial rise in conductance

due to the potential applied across the porin in its open

state. Following this initial rise the conductance

decreases in step-wise fashion in increments of one-third

the peak (open state) conductance. The time intervals

between conductance step decreases is typically on the

order of hundreds of milliseconds and is not constant.

A) so frequently seen are transient or incomplete step

decreases in the form of spike-like conductance decreases.
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•....2.1 Pore Size Determination From BLM Data

The importance of these differing _bservations and

conclusions is evident not only in the evaluation of the

existence of a reversible voltage dependent channel closing

mechanism for porins incorporated into black lipid

membranes, but also in the estimates of channel pore sizes

based on the BLM 'derived conductances. Many porins have

been found to display conductances which relate linearly to

the specific conductance of the BLM bathing medium,

reflecting the behavior one would expect from a simple,

ohmic., water-filled pore. If one makes the assumption that

the porin channels can be 1_easonably modeled as uniform

_ylinders, then one can use the .following 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:

A 11:;R2
_ _

O' L

Equat ion I

where /_ and (_ are the single unit and specific conductance

respectively. L is the length and R is the i-adius of the

oy] indrical pore,



Estimates of the pore diameters made for three E_ coli porins,

OmpF_ OmpC and PhoE, based on measured conductances (Benz

et. al. 1985) and equation 1 along with pore size estimates

based on liposome studies are listed in Table I. For the BLM

based estimates the authors assumed a value of 60 A for the

length of the cylindrical pore.

J



26

TABLE I

PORE D]:AP1ETER ESTIMATES (AIqGSTROMS)

,

.... ' "" V _ r_ I '':LISTED UNDER REaF'ECII E DATA ._,..I_RCE)

LIF'OSOME EXPS. BLM EXF'S.

E.coli EXCLUSION PERMEABILITY BASED ON CONDUCTANCE

PORIN LIMITS a RATES b INCREASES c

OmpF 11.3 11.6 11.5

OmpC 11.3 i0.8 i0..._

PhoE i1.3 10. 6 11.2

a) NAKAE 1976a

b) NIKAIDO AND ROSENBERG i983

c) BENZ et. al. 1985
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I..3n_7 Reassessment of F'ore Size Estimates

There exists a misnomer lr, the porin BLM literature.

Various researchers have been referring to 'BLM measured

porin trimer conductances as single channel conductances.

These shou]d be referred to as single unit or trimer
!

conductances. The porir, trimers of F'hoE have beer, shown _c:,._ '

cor,sist of three indeper_dent water-filled c:hannels (Jap

1989). BLM studies of PhoE have s_iown channel closings_

manifested as conductance decreases, in three steps of

one-third the peak trimer c.onductance per step (Dargent

et.al. 1986). Indeed similar observations have been made

for the major E. coli porins OmpF and OmpC (Engel et. al.

1985; Xu et. al. 1987). The issue was clouded upon '

publication of electron crystallography studies done on

negatively stained double bilayer crystals of OmpF porin

(Engel et. al. 1985). The authors concluded that these porin

trimers consisted of three channels which merged midway

through the protein and emerged as a single channel on the

protein's opposite end. lt is possible that the

combination o_ working with stacked bilayers at a

reconstruction resnlution lower than that realized in the

study of PhoE (Jap 1989) led to an interpretation of a

strL,cture very different from that indicated for PhoE. The

existence o T _uch a radical difference it, structure and

desigr, between the ma_ior porins of E. coli and PhoE is

difficult to reconcile in light of the strong homology in
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amino acid sequence betwe..en _'._.Iithree proteins. E\..'enmor'e

convincing of the recluirement .tor" extensive structural

similarity between these proteins is the fact that monomer"s

of ali three porins (-an interchange with one another to '

f.orm al]. possible permutations oT mixed monomer F.,orin
q

heterot.r'imers (Gehrinc and Nii.::aido :1989 ). So ther,, there

ar'e many _r'_]Ufllents iri favor 07c stl"Ong struL-tul"a].

sim'ilarities between the porins OmpF., OmpC and PhoE and

subseqL_.ent, l,v for a common mechanism of voltag.e dependent

gating.

Channel pore diameter estimates determined from conductances

measured in BLM experiments should therefore be based or,

one-third the value of the 'reported "single channel" (porin

trimer open state) 'conductances. When such an analysis is

performed one obtains the results listed in Table two.

These new values include ones based on the cylindrical pore

length used in the literature, 6c:IA., and another set

derived using a length of 45 A which more closely fits the

results from electron crystallography of negatively stained

specimens (Jap 198_), What one immediately notices is. that

these revised estimates of the pore diameters do not

compare we].l with the valu.es derived from l iposome swelli, ng

and ef_lux/exclusion experiments. Although these new

estimates are based or, the appropriate conductances_, they

must still be considered as ur_derestimations of t.he porin
i

pore diameters (H. Lecar., personal communicatio.n). Sources
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of potential error in estimating pore diameters i'._om

conductance measurements are porin structural cleviations _

from the assumed cylindrical poise geometrv, estima_ion of

the pore"s length and the assumption that the experimental

system"s bulk conductance applies to the channel interior',

especial Iy for sol utes that approach the _,,_x'closi or, iii,m'i.t.

The ac:c:uracy of the estimates could be significantl, y

improved by compensating for the ¢:ontl-ibutions of other

effects not included in. the standard methodology such as

contributions to channel conductar, ce associated with solute

access to the pore mo'uths (Hille, 1984), the ene.rgetics of

transferring a molecule from a medium of one dielectric ,

constant to 'that of another (Born energy) and solute/channel

interactions.
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TABLE _

q

MODIFIED BIM-BASED F'ORIN PORE DIAMETER (A)

( based on single step conductance _ecreases a) )

Assumed Channel Length

60 A 45 A

OmpF 6.6 (5-7) 5.7

OmpC 5.9 (5-6) 5. 1

PhoE 6.5 (5-7) 5.6

a) Tlne numbers given represent the average value obtained

upon consideration of results reported for a vaI"ietv of

different diffusing ions and concentrations used (Benz et.

al. 1985). The numbers in the parent,Teses reflect the

range of conductances measured across the variety of salts

used.



The pore di.ameter,s predic'lled _:rom ].iposc.,me sweiLli, ng

experiments were dete_mined by best. fitting the Renkin

equation (Renkin 1954) to the porin pern'feabilty rates

measured for various solutes (Nikaido and Rosenberg, 1981;

Nikaido and Rosenberg, 1983). As seen in column two of

Table one, the estimates (_btained from experiments with,

OmpF, OmpC and PhoE porins lie in a range oi: 10 - I_' A

As is the case .for-BLM based estimat'es, deviation of the

true channel geometry from that of a constant diameter

cy'.Linder could a_:.ect the accuracy of pore diameters

predicted. Additionally., the use of a Stokes radius as an

estimate for the radius of a test solute needed to apply

the Renkin equation could cause an overestimation of the

channel's pore size. Error in pore size predictions can

al.so arise from inaccuracy in the value of the membrane

thickness used to caluclate permeabilty coefficients from

the Renkin equation results.

In at, assessment of exclusion limit based estimates of E.

coli and S. typhimurium porin pore diameters, it is

important to note that these values are derivecl _rom tlnm

Stokes _radius of the excluded solute, in this case

raffinose (Nakae 1976a,b). lt is possible, however_ that

the e_._clusion lilnit o.F a hydrophilic pore"s constricting

region is determined by the diameter cT the dehydra,ted

i.orn, cJ._the largest molecule able, to diffuse through the

pol-in in question. Diffusion thr,_ugh a porin channel of a
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hydrophilic molecule close in size tc, thE. por-e's exclusior,

limit_ would be realized iT the solute lr, question could

exchange hydrogen bonds initially made with the hydrating

shell of water Tor those that c.oold be made between

i

dehydrated sol Llte and the chemi cal groups 1 ini ng the

"wall" O_ the _hannel ,_onst.ri(ztion,, loeallv this test

solute would be spherical in shape allowing for a direct

assessmer, t of pore diameter. UnTortunatel'.4, few of the

Irany solutes assayed ever, come close to di.s-lplaying this

geometry. ThereTor'e, in interpretiing the results and
i

conclusions oT these exclusion limit investigations one

needs to take into account the sterics involved in solute

diffusion through the porin pores.

Raffinose, a linear trimer containing three hexose units: is

essentially cylindrical in shape with a diameter very

similar to that of glucose. The major porins of E coli are

r,ot._ in fact, impermeable to rafTinose (Decad and Nikaido

1976) but there is a dramatic diTference in porin

permeability of raffinose compared to glucose. Although the

narrowest dimension of glucose and raffinose are comparable_

thermal motions along the length, of rafTinose would cause it

to sweep out a larger volume of space, effectively

presenting a wider diameter solute to tlne porin pore. The

net effect of this impediment would be the requirement that

molecules of raffinose would liter'al]y have to "worm" their

way through the _hanne.ls. In liposome s,,Jelling studies it
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was delno'.-_stra_/ed that a!.thc,Ligl'-,-_-.o].utesmay have similal _
i

,L

molecular weights._ they may ha're, significantly d'i._er'ent

rates of porin permeabilit'y (Nikaido et al. 1983). This is

an indication that for solutes of similar molec.u].ar weltht,

" yet dissimilar pot,'in permeabiliLies, slower permeating ones

must be ,geolnetr'i(:all._ closer '_o the po_e"s e'._c,lu_ion limit.

t.l-,ar'lones permeating moire rapidly, Nikaido and co-worker's

<_JiLl._:aidoet. ai, 1.°.83) not.ed a ha]vlng in i-elat,ive. rates o_:

poI"in permeability going {.tom L-arabinose (a pentose',, 'tc,

D-gluc:ose (a hexose). Di sac(zhari des evaluated in the same

series of expeI_iments demonstrated even greater reductions

in permeabi].ity while having the same efEective
l

cross-sectional diameter as glucose, Hydrated glucose has

al-,approximate diameter of 8.5 A. It"s relative

permeability indicates that it is very' close in size to the

steric limit of the channel constf-iction. Experiments with

zwitterionic cephalosporins, having an approximate minimum

diameter of about 7 A, demonstrated that they can pass

. through porin pores with r'elative ease. lt was also noted

that very hydrophobic cephalosporins, ac,ain with an

appro:_imate minimum diameter of 7 A; did not di{fuse

through the pores (H. Nikaido, personnal communication;

Nikaido et. al. ._983.; NiI:.aido and Rosenberg 198.3). In

water, hydrophobic mcJlecules like these are believed to be

sur'rounded by a "cage" of ordered water molecules. In a

porir"_ pore the removal o_ this water, _or hydr'ogen _ond

exchange with atoms of the _hannel walls, would be an
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energetically unfavorable process. Fol_ molecules

steri(:ally unable to pass through the pore without

"shedding" associated water this would present a formidable

_, permeability barrier. It appears therefore, that the

minimum dialneter of 'the water "caged °' version of these

hydrophobic cephalosporins _"ceeds_,.,the dimensions c._fthe

pore"s constriction region.

To summarize: the pore diameters estimated from the

conductance conti'butions of single channels are, on

/

average., significantly lower than those diameters predicted

from permeability rate and exclusion limit data. With an

assumed channel length of 60 A., the largest pore diameter

predicted From the appropriate BLM data was 6.6 A for OmpF

porin. Even this value is less than the approximate 7 A

minimum diameter of zwitterionic cephalosporins shown to be

abie to diffuse rather easily through porin channels,

including OmpF. Pore diameter estimates der'ived from

permeabil:Lty rate studies of OmpF., OmpC and PhoE fall into

a range of Ir_.- 1_.,A. The current exclusion limit data

appears to be more appropriate For indicatin_ an upper and

lower" bound for pore diameter estimates rathel _ than one

par'ti(zular value. An estimated 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.



!.3. $ Pol-i,n VoltaGe Gating in in_a,-t Cei;.5

A _antro,_.ers,,, oT_ a diTfe_-en_, kind also _=xists as a result

of >_he BLM measurements on porin conductance_ it concerns

whether the property of voltage regulated conductance is

=....e_.y an In ,xitro phenomenon. B:_la,:'ers used in the BLM

e_,periment-_ differ si_nifi<anti':,. -,:I'-omtlnose .of bacterial

outer membranes with respect to lipid cc,mposition and

dLstrioution. These differences :_,,nturn might affect fine

plnysical and structural properties of the bilaye'r including

tlne porins within it. An additional concern is tlne

magnitude of the applied membrane potential required to

achieve shepwise conductance decreases. Channel closings

in PhoE trimers were found to begin at abouz 80 mtx (Dargent

et.al. 1986) winile OmpF requirer as low as _ 5(] ,or as high as

!4(, mV to achieve similar resuli:s depending on the

experimental preparations used (Schindler and Rosenbusch

197,.5 19Sl; Xu et.al. 1986).

-o ad,,'r_-,s_:__,tin=,_question v_hetlner ,,c._J.i'age-dependent,

conductance decreases o_ the outer membrane play _an In vivo

_'_._J,= Iqi!,:aJ. do and co ...._orL.ers ( _- e'_ . "_83 ' ._..... .=__n . ai i , ) iinvest ieared

whetlner Donnan potentials could modulate porin permeability

Lr, intact E. coli bacteria. By varying the concentrations

of electrolytes in the bacterial m,uspension medium, the

magnitude of the Donnan potential could be manipulat,ed. The

range of ionlc strength conditions sur',e,vec allowed for the



assessment of membrane permeability over a range of DrJ,nr,an

po'tential.s from 5 to 100 inV. lt was _ouno that unoer 'the

conditions tested, the permeaoility of the porins OmpF and

OmpC was not measurably altered. Although this result makes

quite a strong case against voltage-dependent gating of

porins in intact cells, one could still press the point that

experiments with intact cells using even Inigher Donnan

potentials (10,."_-200 mV, far above plnysielogically reZevant

levels) might be required before one could detect an

l

alteration in permeability.

1.3.5 Chemi, c_,l Modification of Porins

The use of (:hemical modification experi_,_ents on porins has

provided insight into the elements governing a porin

channel's selectivity. In the case of OmpF porin:

m midation o,z tlne protein demonstrated that its selectivit,x"

for cations over anions is due t,a ne,._ativelv charged amino

acids distributed along the protein:s surface as well as

inside its pore ,_Benz et. al. i',_84). Acetvlatic_n _;: tine

pos_tivei J r_'_ir,:_e_amino aci0_ lr; F:'h_E renoer_ ti_:._porln

cation selective in shaa_p contrast _._ its native pref,=_rence

for anions (Darveau ct. al. 1'984). Both of these

experiments, while modifying porin selectivity did not

significantly modify the porin's single channel

cond,._ct.ances. When solve_,t ic(zessi_l_, i','sines of i]mpF, Omp_-
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and PhoE were chemically modified by the attachment o'F

large (8.3 A dia;ne_er by 3..6 A width) tri ni trophenyl

groups, all tlnl-ee porins developed a high selectivity ._or

cations rover anions. Although all tlnree porins were

modified by this treatment, only PhoE suffered a

significant drop in conductance implying that the _hemically

modified lysines of PhI_E were in closer proximity to the

pore constriction than in OmpF and OmpC (Hancock et. al.

1986) .

I..3.6 Analysis of Genetically Altered Porin

Experiments have been performed on PhoE porin in which the

primary sequence has been altered Trom that of native PhoE.

Genetically altered porin expressed in mutant strains was

assayed for its ability to bind bacteriophage TC45 wh:L__h is

known to bind PhoE in its native Form. Cells expressing

PhoE but resistant to phage TC45 binding were selected For

and the gene encoding the poz-in was sequenced and analyzed.

Arginine 158 o_ the inative gene _as Found to have mutated

to a histidine, rendering ti_e mL:rant cell phage r-e_.istent

and tlneref(Dre identiEving this particular residue as

present at the cell's outer surface (Korteland et. al.

1985). Alterations of amino acids lying at the porin:s

extracellular surface have also been identified with the

aid of monoclc_nal an P_ibod ies (Van der Le,./ et. al. I<785 ;
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Van del- L_eV et. al. 1986). F'hoE expressin,_ mutants wlnich
/ •

fail,icl to bind antibodies, raised against native F'hoE

trimers, survived an antibody-dependent complement reaction

to which they were subjected. Surviving cells were cloned

' and tlneir F'hoE nucleotide sequences analyzed. From the

range ,3f "sur,Jiving cells were noted tlqree frequently

substituted amino acids: arginine 201, ,_lycine 238 and

glycine 275. Although these mutazions prevented antibody

from binding, ali of these cells were still susceptible to

phage TC45. Monoclonal antibody studies have also been

used to develop a model to suggest that both the amino and

carboxy termini of PhoE porin are located on the protein's

periplasmi_ face (Van der Ley et. al. 198_).

In a different series of experiments, Inybrids were

constr,.Lcted from contiguous segments of OmpC and PhoE porin

genes (Tommassen et. al. 1985 ; Van der Ley et. al. 1987 ).

ChimerLc proteins expressed from these hybridized genes

were found to be able _o bind tlne appropriate phages and

monoclonal antibodies. More _nterestin,_-ll,_', r_himerir, porins

in wlniuh an amino terminus sectitJn of I-'i7oEwas e,",changed

for L_s !]mpc (:ounizerp,ar'z _ere shown _] be effective] x cation

selective. Specifir_atly, tlne anion selectivity of PhoE

porin appears to be determined by amino acids localized to

positions 1-11, 75-110 and i'.I-141 of the porin"s primary

sequence.



From these and other observations: Tomma_=_en has developed a

model for the secondary structure _ a_ i-'hoE porin ,',T,_mmas_en

,_ 1988). He has pr'oposed 'that a F'hoE porin monomer is

assembled in a manner such that 8 distinct hydrophilic

regions are positioned at the cell"s ek,'tracellular surface.

Because strulztural data to date has indicated that porin's

secondar'/ structure is almost exclusively beta-sheet,, 17e

has further proposed that these 8 _regions represent 8

beta-turns and are the connecting r'egions for 16

transmembrane beta-strands.

The findings of many oT the above experiments will be of

particular importance to our group when we have obtained a

high resolution density map of PhoE. The spatial

assignment o+ 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.
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I._4 Str_Ictl_ral Properties

I.4. 1 Primary Structure Analysi

The amino a'cid sequences of the E. coli porins OmpF, OmpC

and PhoE have been deduced from their nucleotide sequences

(Inokuchi et. al. 1982 ; Mizuno et. al. 198"-.-.; Overbeeke

et. al. 1983>. The amino acid sequences of all three of

these porins are highly homologous. OmpF., OmpC and PhoE

o wtfor example, have greater than 6_J,.amino acid sequence

homology (Overbeeke et al 1.8...) The amino acid
,

sequences of these proteins al so contain a large number of

negatively and positively charged residues. When the

charges of the amino acids in each of the porins is added

Lip.,one finds that each of the three porins contains a net

negative charge. Fourteen negative charges in OmpC._ eleven

in OmpF and nine in PhoE. Based on the results of numerous

chemical modification experiments, it is believed that the

majority of these charges, positive and r',egati,_'e_are not

solvent accessible but rather are involved in the

protein-protein association of the mort.emetic units

comprising the porin trimers (Benz 1985> . lt appears

then., that some subset of those remaining amino am.ids, not

involved in the maintenance of the trimer structL:re., is

what gives the various porin pores their ion selectivity._
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negative charges assisting OmpF and OmpC in establislning

its i:ation ._el ecti vi t, y and positive charges heiping to

provide the anion selectivity measured in F'hoE.

The amino acid sequences of E. coli porins OmpF and LamB

were analyzed for their hydrophobicity (Vogel and Jahnig

1986 ). They were found to have extraordinarily low total

hydrophobicities when compared to proteins located in the

inner membrane or even the periplasm of E. coli'. The

primary sequence of OmpF was further assessed for the

occurrence of amphipathic stretches of amino acids

compatible with the cases of alpha-helical or _beta-strand

transmembrane conformations. Based _on this analysis OmpF

was shown to have the potential for two amplnipathic

alpha-helices and 12 amphipathic beta-strands. We have

performed a similar analysis on the primary sequence of

PhoE_ the results of which are given in Figures 3 through

5. From these plots we see that F'hoE has_ by tlne same

standards applied to OmpF in Vogel and Jalnnig"s paper, no

potential amphipathic alpha-helices and 12 amphipathic

bel:.a-st.rands. Appl.yir,g a ,note liberal Inydrophobicitiy

threshold one can easily obtai_n more than 20 candidate

,._mphLpathic beta-strands.
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F _g',.'.rr.:,..._...,.H,/dro ph ob ic..i_,-,,'an a iv,s i_ o"; F'h r:)E am in c_ a c i(.I

sequence usincj the hydl_opathy s_e,,le o_ Kyt, e and Dooli'L','t',ie

(19._2) asdescribed in Vogel and Jahnio (1986>. Figure 3

shows the hydrophobicit, y' pr'o._:i]e consicierin9 a _,:i.mp],e seven

ami, no acTJ.d ave:_aging w'i. r7dow. Suc:17 a pl"oi:i, le i__ U,_.efL/1 in

d_,_.ecL:ing, peptide segm_-_nt, si whlic:h cnav b._':, s_._,f:.fi_ienL1 v' long

ar'_d hy'dr'ophobi_ to traverse, _:he l'ipid bi].a,,/er" wit.hout

e,_posuLre to al7 aque:ous er,',,'ironnie:,r',t.. Ir_ the :i.ni'Lia] stag(._:,s

of analysis an a'ver'agir7.q _,Jindoa_ of sever, amino aE_.ds i_.-.

t.,,,'picall._, us_.d. A _,Jindow oi this lengtl-J is _icle enough t:o

a,/erage out spurious changes in hydrophobicity, ',vet slnor't

enough to pro,vide 9,:Doclr'eso].ution of hy'dr'ophobicit.,x' trends.

In addition to the:graph o{. win_Jow averaged hydrophobic:it,/

plotted in figure 3 are two horizontal lines. The upper

line is placed at. a value o_ 1.6 on the, hydrophobi_ity

index so:ale and is used as an indicator as to whether a

given hydrophobicity curve peak is hydrophobic enough to

be associated with a transmembrane segment of protein. The

•value of 1.6 was derived by K'y'te.and Doolittle (1982) on

t.he basis of their study of the bacteriorhodopsin amirTo

acid sequence. The lower ].ine is set to reflect the

average hy'drophc_bi_ity of rite entire sequence, If lr, sucl-,

a plot evidence of long hyOrophobic sections of amino acids

is _ound: the sequon(:e can be r'eassessed usirlcI aver-aq:inq

windows of 10 or' 20 amino a._ids _,r,length to indi_a1:,s,

potential loc:ations of bet.a-str-anOs or al.pha-he'lic:es

respectively. In the case of PhoE ";:here ar-e two such ].ong,
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Fi :_jur'e .,_. I-!>.'dr_Jli._l"_c_bii(::i ty ..=:,.nalv=-,i s (_.F the F"hoE ami no .:-_c:id

_.._equenrzet_:,show tffe possiLile loc:atlion of amphipathic

=.ir:,ha-l-_eliic:'ies,whi¢-h r'epresent one of _.he likel'y'

structural motii:s ,_or the formation of an aqueous,

tr ar',smembrar,e channel. The graph was producied using an

algorithm described in Vogel and _]ahnig (1986). It, this

ana].ysis hydrophobic:ities c)f _mino acids falling within an

averaging window are weighted so as to detect the o__curenc:e

of h'.vdropl_obic residues with a period of 3.6 residues in the

segrleent in question, The wiclth oi: the window is chosen tc,

pr-edict the possible sequence locations o.F the hydrophobic

faces o.F alpha-helices ..'Uresidues long. The horizontal

lines seen in the plot are as described in _Cigure .i,,.When

a residue is associated with a hvdrophobicity average which

is greater than or equal tc, the level oT the upper line ancl

is immediately neighbored by re-sidues whose associated

hydropl,obicity averages are much less 'tr,an the upper line

level, it is an indication that the amino acid in quest,ion

is a good candidate Tor being located midway in a segment o_,

amphipathic alpha-helix, lr, the case oT PhDE there are r,o

segments capable of ._Jrming amphipathic hel:ir.:es.

_
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Figure 5. Hydrophobicity analysis of the PhoE amino acid
J

sequenc_e to slTOw the possible locatior, cit amphipathic

beta-strands. The graph _as produced using at, algorithm

described lr, Vogel and Jahr,ig (1986). In this analysis

hydrophobicities of amino acids Tailing within an avel_aging

window are summed so as to detect the occurence of

hydrophobic residues with a period of 2 r_sidues in the

segment in question. The width of the window is chosen to

predict the possible sequence locations of the hydrophobic

faces of beta-sheet strands 10 residues long. The

horizontal lines seen in the plot are as described in

figure 3. When a residue is associated with a

hydrophobicity average which is greater than or equal to

the level of the upper line and is immediately neighbored

by residLLes whose associated hydrophobicity averages are

much less than the upper line level, it is an indicatior,

that the amino acid in question is a good candidate for

being located midway in a segment of amphipathic

beta-sheet. Several segments of potential amphipathic

beta-sheet are identified in PhoE in this way.
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The amino acid sequence of OmpF porin has also been

analyzed with the Chou-Fasman secondary structure

prediction algorithm (Vogel and Jahnig 1986). Althougln the

results predicted the possibility of a significant fraction

of alpha-helix, the predominant structure p, edicted was

- --4-_beta-strand, lt is interesting to note _hat the prediu__d

segments of beta-strand are almost uniformly distributed

throughout the entire sequence. We have again performed a
J

s_milar analysis on F'hoE and the results are given in

Fi gure 6.

Based on structural information obtained to date., it is

believed that a significant portion of E. coli porirJ

protein can be reasonably approximated as a cylinder of

beta-sheet. With values for the cylinder geometry one can

estimate the number of amino acids needed to generate such

a beta-sheet cylinder. The circumference of the vestibule

mouth of F'hoE porin has been estimated to be about Ic'_OA

(Jap lqS_). If one determines t.he maximum sized polygon

able to fit within this circumference and keeping the

length of its faces equal to the interstrand spacing in

beta-sheet (4.8A) _ an estimate of 21 beta-strands per

beta-sheet cylinder is obtained. X-ray diffraction studies

indicate that these beta-strands are between 10 and 1_'_.

amino acids long (Kleffel et. al. 1985), barely long enough

to traverse the hydrophobic core of a typical bilayer. The

approximate number of amino acids neccessary to complete
_

-

I
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Figure 6. Secondary structure prediction of PhoE porin

based on its primary sequence and the algorithm of Chou and

Fasman (Chou and Fasman !978>. Letter indications as as

follows: a) amino acid sequence number._ b) amino acid

sequence (single letter abbreviation); c) indication of

charged amino acids; d) predicted alpha-hell;.'; e) predicted

beta-sheet; f) predicted turns.; g) best estimate for

sequence regions where both alpha-helix and beta-sheet

predicted (A for alpha-helix., B for beta-sheet).
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this structure, assuming the beta-_heet strands are

parallel to the cylinder axis, is the product of 21

beta-strands and a max'imum of 12 amino acids per

beta-strand. This product, 252 amino acids, would account

for over 75% of the total amino acids available, yet leave

enough amino acids left over to acc:our,t for the required

beta-turns.

1.4.2 Secondary Structure Analysis

The porins of E. coli have been the subject of many

spectroscopic measurements. Circular dichroism (Rosenbusch

1974 ; Nakamura and Mizushima 1976 )_ infrared spectroscopy

(Nakamura et. al. 1974 ; Rosenbusch 1974) and Raman

spectroscopy (Vogel and Oahnig 1986) measurements ali

indicate these porins to be predominately of beta-sheet

conformation with no alpha-helix structure. The gross

orientation of the beta-sheet structure backbone has been

inferred from X-ray (Garavito et. al. 1983) and electron

microscopy (Jap 1988_ and infrared spectroscopy (Garavito

et. al. 198 _). studies to be oriented normally tc, the plan_

of the membrane. Subsequent infrared analysis has

determined that these beta-sheets are of the anti-parallel

type (Kle4fel et. al. 1985). Most recently, infrared

linear dichroism studi es have indicated that althoLLgh the

beta-sheets themselves are oriented essentially
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perpendicullar to the membrane plane_, the strands making up

the sheets have an average tilt of about 45 degrees .tom

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

1.4.._'. Tertia1_y St_ucture Analys:i.s

Functionai porins of E. co].i ar'e e,"tracted from membrane

preparations as trimeric units (Steven et. al. I_77_ Dorset

et. al. 1983>. The monomer's making up the trimer L:nits

are very strongly associated, as evidenced by the fact that

they cannot be separated from one another unless they are

denatured (Nikaido and Vaara 1985 ). The major porins of

E. coli, OmpF and OmpC, as well as PhoE all have monomeric

molecular weights of approximately .:,_kDa.

1.4.'.. 1 Electron Microscopy of Negatively Stained

Specimens

OmpF porin has beer, crystallized into two-dimensional arrays

suitable for electron crystallographic study. Initial

studies of those crystals embedded in negative stain

revealed clusters of three holes or indentations where the

stain could collect., believed, to L-orrespond to the porin

unit trimer (Dorset et. al. 1983 ). Subsequent tilt series

analysis of the crystal type, again in negative stain,
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yielded a three-dimensional reconstruction of the OmpF

channels to about 25A resalution (Dorset et. al. 198.4 ;

Engei et. al. 1985). From this data one can clearly see

stain-filled channels penetrating the membrane. The

authors" interpretation of the three-dimensional density

map was that lr, each trimer three independent channels

beginning at one end of the porin would merge into a

single channel midway through the membrane prior tc. exiting

the protein.

An untilted projection reconstuction of OmpC two-dimensional

crystals in negative stain was accomplished by Chang et. al.

(Chang et. al. 1985 ). The reconstruction clearly showed

tI_ree stain-filled pores.

PhoE porin has also been crystallized into two-dimensional

arrays. A three-dimensional reconstruction of the specimen

in negative stain was obtained to a resolution of

approximately 20A (Jap 1986; Jap. 1989). As with OmpF, the

three-dimensional map shows that PhoE porin consists of

trimers of stain-filled channels as the basic unit. Unlike

OmpF, the channels in PhoE, although gradually converging

towards one another as they traversed the membrane, did not

merge but remained as three separate channels. Each

stain-filled pore is about 22A in diameter and about 35A

Ior,g. The map shows that these are noz stain-fil]ed along

the full length of the membrane but stop short, indicating
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, that one end of each pore is small enough to exclude stain.

The net picture described by these findings is a trimer of

pores, where each pore begins with a vestibule like domain

at one end of the protein (with a diameter of about 22A)

extending through the membrane for approximately 35A,

whereafter it continues via a much smaller pore

(inaccessible to the stain molecule uranyl acetate) until

exiting the membrane.

1.4.3._ _' Electron Microscopy of Unstained Frozen-hydrated

Specimens

The projected structure of unstained, frozen-hydrated OmpC

porin was determined to a resolution of 13.5A via electron

microscopy (Chang et. al. i985). This projection

reconstuction showed the general molecular outline of the

protein encircling the pores of the unit trimer, but the

resol, ution was not sufficient to discern the protein"s

secondary structure features. Of further interest was the

finding of a relatively iow density region at the center of

the trimer, too low a densitx' to be that of protein _Llt

tOO high to be that of a water filled pore_ lt was

suggested by the authors that this area was most likely

occupied by lipid, with enough ro_om to accomodate three

lipid A molecules or, each side of the bilayer.
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1.4.3..'7 Electron Microscopy of Sugar Embedded Specimens

A high resolution projection reconstruction of glucose

embedded OmpF porin has been generated (Sass et. al. 1989

). This projection; which has a resolution of

approximately 5 A, _as generated through a combir, atior, of

electron crystallography and image correlatior, averaging

techniques. The most pr'ominent structures in the

reconstruction are the three "rings" of high, density

arranged equilateral, ly to form the unit trimer. The

authors suggest that these "rings" outlining each of the

monomers are composed o,f beta-she'et oriented perpendicular

to the piane of the membrane. They al so cal Ied attenti or,

to a region of very low density in the center of the

trimer, but offered no suggest ior, as to its source.

PhoE porin embedded in glucose has also been the subject of

a projection reconstruction study (Jap 1989). As in the

case with OmpF, here. too the projection map shows three

high density elliptical "rings" associated to form, a unit

trimer. Like the autho!_s of the OmpF study, Jap also

likens the high density "rings" to at, end-on view of a

cylindrical beta-sheet oriented perpendicular to the

membrane. The elliptical "rings" believed to be a

projection of the walls of the pore vestibules measure 38A

and 28A along the major and minor axes respectively. This
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map' shows one additional similarity to the OmpF

reconstruction of Sass et. al.._ that is the low der,sity

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

suggests that this low density area might be filled with

glycolipid which could play a role in maintaining the

tr-imer's strLLcture as well as shape the electric potential

ar'ound the "mouths" of the pores.

!
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Section I B.

J

Structure analysis by electron microscopy

Electron microscopy has been used to reconstruct the

three-dimnensional structure of a r,umber of membrane

proteins to varying degrees of resolution. The most notable

success to date has been lr, the studies of
J

bacteriorhodopsin which have resulted in the determination

of its three-dimensional structure to 6.5 A (Unwin and

Henderson 1975; Henderson and Unwin 1975; Leifer and

Henderson 1983; Tsygannik and B_Idwin 1987) and in

projection to a resolution of ._._ 8 A (Henderson et. al. 1986

; Henderson et. al. 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

X-ray crystallography lies in the strength of interaction

between specimen and source quanta. Electrons are

scattered on average about a million times more strongly'

from a specimen"s constituent atoms as are X-ray' photons.

The degree of electron/specimer, interaction is such that

e]ectr-on crystallography is ideally suited for studies of

micrometer sized monolayer crystals_ wheras X-ray studies
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,,requ.ire "l,arge" three-dimensional crystals for the

generatior, of measLLr'able di,fTractior',.

Anotlqer important difference arises from the methods used in

gathering and processing the structural data. Researchers

conducting X-ray studies obtain intensities (ancl

subsequer',tly structure faa:tor amplitudes) directly _l_om

diffraction patterns but m:Lst l_esort to additional

heavy-atom labeling methods to obtain structure factor

phases. Using the techniques Of electron crystallogl_aphy

one car, obtain intensities/amplitudes directly fr'om

electror, diffraction patterns and phases direc_Jly from image

mi crographs.

The fourier' transform of three-dimer',sional crystals of the

type used in X-ray crystallographic studies yields a

three-dimensional lattice of diffraction spots (see Figure

7).

The three-dimensional lattice of diffraction spots can be

modeled as arising from the intersection of three sets of _

parallel p].anes, one set of parallel planes for' each,

principal axis in the crystal, and with interplanar

spacings equal to the reciprocal of the real space unit

cell dimension for each, respective principal axis (Cantor

and Schimme] 1980) . The diffraction geometry r'esulting

from studies of two-dimensional or monolayer
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Figure 7. Diffraction intensity lattice deri.ved from a

three-dimensior, al crystal. The phenomenon of wave

diffraction by a three-dimensional crystalline object can be

described mathematically as the Fourier transform of that

object.
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crystals can be described as the result oT two intersecting

arrays of parallel planes yielding a lattice of structure

factor lines which are parallel to the direction in which
I,,

the crystal is one unit cell thick. (see Figure 8).

Intensity data is no 1onger a seri es of di scr.ete val ues

along the t.hird axis but a cor,tinuum of values. These lines

of structure factor data must therefore be sampled at some

minimum spacing which i_ the reciprocal of at least, twice

the membrane thickness so that a reliable fascimi].e of the

original data can be reconstructed by interpolation.
I

Diffraction "spot" patterns are, in a simple geometric

analogy the result of the intersection o_ the specimen,q

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 a range of

angles with respect to the incident electron beam. Due to

mechanical and other practical considerations, the range

of specimen tilt usually covered is about +/- 60 degrees

from horizontal, (see figure 1Oa) meaning that not ali the

available structural information of an object'_s Fourier

transform will be sampled. When swept over the full range

of azimuth these unsampled areas describe a missing volume

of data which is often referred 'to as the "hollow cone °'.

(see figure lob)
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i

Figure 8. Diffraction intensity lattice derived from a

two-dimensional crystal. The phenomenon of wave diffraction

by m ,.wo-dimensional crystalline array can be described

mathematically as the Fourier transform of that object.
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F_ gure 9. Central section geometI_y. A di fi:racti c,n patte_n

arises ,_rom the intersection of the sampling central section

and the reciprocal lattice rod intensities.
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Fi,gure 10. Central section sampling of reciprocal space, a)

Sampling of reciprocal space i:s technically limited to

roughly 60 degrees above and below the h,k,O plane, b)

When such a _igure is rotated about the z_ a;,'isan

hourglass-like region of reciprocal space remains

unsampled. This unsampled zone is commonly refered to as

the "hollow-cone" of missing data.
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lt has been demonstrated, by numerical simulations_ that the

"hollow cone" of missing structure factor data does not

deteriorate the interpretability oT a 3-D density map if

the the volume of reciprocal space which is sampled extends

to a resolution of at least 3.5A (Glaeser et. al. ' 1988).

F'hase data is gathered using the same general approach as

described for sampling the intensity lattice rods. In

tlnis case the lattice rods represent the contir, uous phase

values obtained from the Fourier transform of an image of a

two-Oimensional crystal, lt is an important consequence of

weak plnase object theory that the crystallographic phase

information iu manifested as the relative origins of the

sinusoidal intensity modulations (i.e. Fourier components)

of the image.

The final 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 now themselves be

sampled at some constant interval. Intensities are

converted to amplitudes. Geometrically corresponding

amplitude and phase values are then grouped into structure

factor vectors. At, inverse Fourier transform can be

performed on this data set to generate the specimen's real

space density map.
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Sect ion I C

Objectives of "the thesis

This research has one major goal, that is t.o generate a set

of three-dimensional structure factor amplitudes for use in

the structure determination of the PhoE porin of E. coli.

The data should cover specimen tilt in the.range of at

least +/- 60 degrees and extend out to a resolution of at

least 3.5 angstroms. 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

al so put forth.
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_,,, Sect ior, II

Experimental Methods

i Specimen protocols

1 1 Isolation and Purification

The procedure used by Dr. Bing Jap for the isolation and

purification of PhoE porin is a modified version of the

protocol described by Nikaido and Rosenberg (1983) and is

briefly outlined below. A PhoE porin overproducing E. coli

strain (K-12 JF694), with deletion mutations for OmpF and

OmpC porin, is harvested after a 24 hour growth period• The

bacteria are washed in 51"ImM TRIS buffer containing

protease inhibitors_ DNAse and RNAse. To break open the

bacteria, the cell suspension is run through a French press

several times. Unbroken whole bacteria are removed from the

preparation by centrifugation at 3,,000 rpm for I0 minutes

and removal of the resulting pellet. The supernatant is

then centrifuged at 45.,000 rpm for 30 minutes. The pellet

formed it, this step, containing bacterial membranes., is

then resuspended in a "washing" solution of 2/. sodium

dodecyl sulfate (SDS) in a 10 mM TRIS based buffer adjusted
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to pH 7.5. This suspension is incubated at 32 degrees

celsius for 3u minutes, lt is at this stage that the outer

membrane/peptidoglycan complex will begin to be separated

from the inner membrane., which will. be dissolved by SDS.

Following the appropriate incubation period._ spin this

suspension at 45,000 rpm for 30 minutes keeping the

temperature in the centrii:uge above 15 degrees cel.sius to

pr'event 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.,0('I_'Irpm for 30 minutes. Resolubilze the resulting

pellet in an SDS sizing column running buffer (5(]imM TRIS.,

I% SDS., 0.4M NaCI., 3mM NAN3., 5mM EDTA), Incubate this

suspension for two hours at 37 degrees celsius., followed by

a final centrifugation at 3CI.,(:)00rpm for 3(:Iminutes. The

result_.ng supernatant will contain solubilzed F'hoE porin.

This porin solution is then run through a molecular sizing

column (15mm diameter._ 1.2 m length) of Sephacryl S-20(:)

(180 ml per column). The column is adjusted for a flow rate '

of 3 ml per hour while Lhe fraction collector is set to

collect 2 ml fractions. The porin is expected to elute

after approximately 6(I ml have run through the column.

Collected fractions are assayed spectrophotometrically (28(:)

nm UV absorption) as well as with SDS pol,vacrylamide gel

electrophoresis, and the fractions containing the porin are

passed through the column a second time. Purified PhoE



porin is then prepa'red ,For crystallization or stored for

f_Itu_re use.

_._1.2 Crystallization

/

Crystallization of PhoE porin into two-dimensional arrays

involves the reconstitution of purified protein into lipid

bilayers. This is accomplished by dialysis of a mixture of

detergent solubilized protein and lipid (climyristoyl

phosphatidylcholine) in a ratio of 1:4 lipid to protein.

The lipid/protein mixture is dialyzed against a l('ImMTRIS

buffer (0. 1 M NaCI, 3mM NAN3, pH 7.5) to which SDS has

been added to a concentration of 0.4% w/w. Every four
I

hours half the volume of the dialysis reservoir is replaced

with new buffer which does not contain SDS. This procedure

is maintained until crystals have begun to form, typically

2-3 days. Upon completion of the reconstitution process

crystals are removed and washed twice in a 5 mM TRIS

buffer to remove the high salt introduced in earlier steps.

Washed crystals are subsequently treated with phospholipase

A to remove excess lipid and increase the percentage of

hi ghl'i ordered two-dimensional crystals.

1 3 Specimen/Grid preparation

"Classical" electron crystallographic microscope grid
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preparation according to the bacteriorhodopsin paradigm

makes use of _'aged'_hydrophobic carbon coated electron

microscope grids. A few microliters,of specimen (typicai].y

a 1 rag/ml suspension of monolayer crystals, in this example

purple membranes) is placed on these grids along w_th a

sme_ll volume of a one' percent glucose solution and blotted

dry (Baldwin and Henderson 1984). The glucose is added as .-_

specimen preserver presumably replacing water and

maintaining water-like contacts with the crystals and

support film., embedding the specimen in a hydrated-like

state. This technique._ considering the extremely low

Volatility of glucose with respect to water, is ideally

suited to maintaining the structural integrity of the

protein in the high vacuum environment of the electron

microscope.

In our experiments with PhoE porin, we have 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 electron

microscope grids and tested for their hydrophilicity at

various times after production. The carbon films are made

by vacuum evaporating carbon onto sheets of freshly cleaved

mi ca. The carbon film is removed from the mi ca when the

carbon film/mica "open faced sandwich" is slowly pushed

edge-on into a water containing vessel at some shallow
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angle to the horizontal. As the c.aI_bon film separates from

the mica it is left to float on the surface o4: the water

above a small piece of filter paper', covered with electron

microscope grids placed in the vessel earlier. Prior to

being placed in the vessel, the grids were rinsed in

chloroform in an effort to remove any residues from their

manufacturing procJess. The vessel is then slowly drained

of water, eventual]y bringing the carbor, film to rest on

the filter paper and grids. The paper can then be removed
I

with the carbon coated grids still attached and placed in ar

petri dish lined on the bottom with filter paper to

faci I itare dryi rig.

The type of success obtained with conventionally made grids

sampled over time for their hydrophilicity would vary over

a range of extremes. There would be times when too much or

too little specimen would remain on the grid, when too much

or too 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 cor_trasting levels and forms of sugar coverage,

specimen population ancl even specimen morphology. In an

attempt to have greater control over the carbon film

hydrophilicity and to achieve uniformity of results, we

decided to glow-discharge our carbon coated microscope

grids. Glo_J-discharging the grids in a low water' vapor

pressure environment for two minutes gave us negatively
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charged grids on a consistent basis.

In the course of our research we evaluated three different

embedment sugars: aurothioglucose, glucose and trehalose.

For reasons that are discussed in detail in the Results

section, the sugar of rhoice turned out to be trehalose. We

appliecl volumes oT. a 1 _ "" '.= ,. wxw solution of trehaiose in a

r'atio of 2'to one part of a lag/mi, suspension 'of PhoE

crystals on 'glow-discharged grids. The specimen/trehalose

bead is left on tlne grid for about five minutes after which
l

it is blotted away.

.2 Collection of diffraction patterns

The experimental data for this thesis research was

collected on a modified JEOL 10(';Btop-entry electron

microscope. Modifications include a liquid nitrogen cooled

stage (Hayward 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 a

defocused diffraction mode to maximize crystal contrast.

° When a promising patch was found, the stage was adjusted to

piace the center of the patch on the mi croscope'_s optical
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center. The shutter was then closed and the mi cfc,scope was

switched to a higher dose diffraction mode, such that _ the

patch would receive a total dose of I-3 electrons per

square angstrom over an exposure time of 5-10 seconds. The

shutter was then opened and the film exposed. Under these

conditions p1_ocess ,ble diffraction patterns, over a range

of 0 to 6(')degrees specimen tilt were obtained with about• -. .q

a one i_ five exposure success rate.

___'.. Processing of diffraction patterns

.3.1 Scanning and indexing

Selected diffraction pattern films were scanned on a

Perkin-Elmer PDS microdensitometer. The scanning aperture

used was 12.5 micrometers square and was rastered in 13

micrometer steps in the x and y. directions. This scanning

raster was more than sufficient to properly sample even the

smallest diffraction spots. T' e size of the scanned arrays

ranged from 2400 to _SU(. pixels a side These arrays were

subsequently averaged down by a factor of four in x and y

to yield 600:',6f)0or 700x700 pixel arrays, which resulted in

significant savings in computer storage and processing

time.

_
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The digitized patterns were then displayed on an AED 767

computer graphics monitor where they could be indexed using

interactive software. Much of this display software was ,

provided through the courtesy of the Medical Research

Council (MRC) Laboratory of Molecular Biology, Cambridge,

England. In selec.ting tlne diffraction patterns to be used

for creating the initial lattice rod curves, several

criteria were used in determininq what specimen tilt angles

were best suited for starting things off. For unti.].ted

specimens, we kept film plates whose diffraction patterns

exhibited good mirror symmetry in the fashion expected for

p2121 _,-,space group _rystals. The Shaw and Hills algorithm

(Shaw and Hills 1981) is used to determine the tilt angle

and azimuthal 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

results of a comparison of diffraction spot intensities

lying along a pattern's tilt ax'is with corresponding spots

from untilted reference patt_ _ns are strong indicators of

crystal orientation in a tilted diffraction pattern. With

these "tools" indexing of even highl,y tilted diffraction

patterns could oe done with confidence. A short-coming of

note, the Shaw and H_lls algorithm is only accurate for

assessing diffraction patterns tilted by at least _
!

degrees. Therefore we collected tilted data from patterns

=
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tilted by 30 degrees or more.

_,.',-,._,_, Radial background subtraction

Once the pattern has been properly indexed it can be

further processed to correct for the effects of

inelastically scattered electrons. Prior to this

correction the diffraction spot intensities were "riding"

on a radially varying back,ground (see Figure lla).

Average intensities are calculated along concentric "rings"

moving radially out from the center of the pattern. The

standard deviation about each radial average is al so

determined. The diffraction patterns are then revisited and

those pixels whose intensity values are less than 3

standard deviations from the current "ring" average are

used to create a new set of radial "ring" averages (see

Figure llb). The diffraction patterns are revisited once

more and this time these radial background averages are

subtracted from the approprite pattern pixels resulting in

a removal of the e,fects of inelastically scattered

electrons (see Figure ilo)
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Figure ii. Treatment of radial background due to inelastlc

scattering of electrons, a) Electron diffraction

intensities with superimposed radial background, b)

Average radial background component, c) Resulting intensity

distribution after removal of average radial background.

J
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_._,3.3 Spot integration

The next phase of diffraction processing is the calculation

of the total integrated _ntens//_ty,for each diffraction spot

in the pattern When ir,d,_,_J_iin_]' the patterns_ as described

earlier., one determines the pattern center and the x and y

components of the lattice unit "vectors. These paralneters

are input into the diffract:ion pattern processing software

and are used to predict the coordinates of each spot in

the array. In the algorithm used .to determine these

positions, adjustments are made for the compensation of

Ewald sphere curvature and microscope distortions such as

pincushion., barrel and spiral. The user of this software

must also specify the size (in pi>,'els) of the spot

integration boxes to be placed around the predicted spot

centers. Pixels 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

made to these pixels to compensate for local background

deviations. In this treatment, one specifies the si4_'eand

orientation of background sampling boxes to be placed in

the areas surroundir,g 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

pi','el in the corresponding diffraction spot box.
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T1ne backgI_ound corrected pixels within each diffraction

spot box are added up and a total intensity determined for

that spot. A center of gravity of that spot is also

determined and compared with the position predicted by the

user-provided lattice parameters. An array of differences

(errors) from predicted to actual spot centers are stored

and used to refine the lattice parameters utilizing a least

squares minimization algorithm. The program cam be set to

continue to refine the lattice par'ameters for a user

defined number 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 maximum intensity range. If not, that diffraction spot

is omitted from the final output. The spots remaiming are

then sorted into Friedel related (h,k;-h,-k) pairs to

determine the averages and differences of the Friedel

related spot intensities. Unpaired spots are rejected at

this time. The remaining test is a two parameter check of

the relatedness of the Friedel pair intensities. If the

difference lr, intensity between the spot pairs _s less

than some multiple (user defined) of their average and iT

that dlffer_nce is I=== th_,, _,,_ther user defined _,,=_,,_,

!



the pair average intensity is considered reliable for

output. Ali of the spot intensity analysis is done in an

effort to minimize the number of false diffraction spot

reports due to such factors as film imperfections,

scratches and foreign material falling on the plate during

densitometry. The qualifying data is then written to disk

in a format suitable to be combined with other processed

diSh'faction patterns into a three dimensional data set.

J

_._3.4 Merging and fitting of diffraction intensities

With the use of the previously described "software" the

user will now have a collection of files, each containing

the H,K indices , Friedel pair aver°ages and differences oF

a particular diffraction pattern° For each pl ate or

pattern processed, the user will also have determined a

tilt axis and tilt angle. With this data the goal is to

sort and organize the lot of diffraction spot intensities

into a three dimensional data set comprised of

reconstr'ucted lattice rods. This is accomplished by

determining the three dimensional vector (h,k,z_) for

each spot based on the set of two dimensional vectors

(h,k), and the appropriate tilt angles and tilt axes. Once

properly oriented, the spots can be scaled or normalized to

an untilted reference set of diffraction intensities.



The ser.s of intensity measur'ements _rganiz._d in_..c, ].attice

rods are r,_._w :Ln a p(_si 1::i ::lm I:,_ be T i [:'iied bv :-_ ._moc_t.h cur've_,,

Each group o.f point's corr_pris:Ln_] a single lai:l:ice rod is

, fitted t(_ a series of dainped :sine functions o_: the .f(_rm

, ,

n

I(z*) = _ A,[ sin 2=d(z -i/2d) ] e-1/2a.(z.-i/2c,)2
i=-n 2_d (z* -i/2d)

EquatJ. un 2

wlnere the coeffi(:ien_s (Ai) (_.feach term are det,ermin,:_d so

as to prr._duce the smallest mean squared difference between

lil",e dal:a, and the smoob.h (:urve. A membrane _"h:i,zkness,..... _-..f 5C,. A

was :supplied f(_r" d and a value o_: 100 was used ._:]r- tihe

dampi, ncj fact(_r" B, On(:e tlne first generali[on ,._f curves are

ge.r+,+r,--.tt?.,.:ed , _..In.._pallt:,._rr-;_ u-+ed I:,.0 i. r:: i:.:;..:.tl ]. ::,' ,.:::r- ,!e<-'_l. (..-ethe

cc, mposJ _e lat.t';.ce r"ods car, b(.:e ,_-,merged Lo I:.he he,,,, c:L,.r '.,.e:.s ,

Th ] s IJrcir i. al,es _-h(.:e (:,l)p(:,rt._._ 'l :[ I"/ '_ ,Jl'" (-Ltl ....../e l'"_.._f: .i. ;"l_E'lt'l(E')l--_ I': ,, '[ I"I

-;,.dd_. t.:i _..:,r_"..r-, ._.!":e a._::)re_l_:-,_r'_f"Lc:,r_r..ed nc, r rr_,__]. J.:af'i .:,r_ :!_ca]. i. r-,__, t.h,i::,

;_J. ' < r .-.,,-.I:., ,Z.l_ Ep,.J [. L__i'.,....:n.._' !.._ ,:.:--,s-' ;;.,r_ r,c]L-_ b :.:., a,:::l.j ust.,::.,.t z (_l.-

L.".-,mperal"ur';_ ,Zacf;r.'.,r '_]lnpor, erYf:s para].].el and perpendi(:uiar- t:o

lihe plane i:)f the membrane. Tl-_e till: ax:is and ang].e (_I: each

pla:te,"patterr_ inc].uded tn the re(:ipr(:cai lattice

r"ec::on--_ Eruct. i (.0n(:an ai so be redeter mi ned s(;]..as t.(_ prov:[ ,:t_"_.,..4

b_.:est: _i. _. I-(:; I:he curves. Th].s ._cenarLo ,.-;.f: merging an(t curve
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fittinL] can be repeated as more plates are incorporatecl

into tlne data base as well as for minimizing the R factors

of those plates al ready in it. The final curves are then

sampled at a fine interval (typically the reciprocal of 5

times the membrane thickness)_ and these values are

combined with similarly sampled phase data tc generate a

hybrid three-dimensional structure factor data set.
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REoULTS

3. 1 MicroscoPe Calibration

An irr_port,ant element irs 'l:lTe effective processing of electron

diffraction patterns is the compensation or'"correction for

microscope, distortions of recorded diffraction patterns.

These distortions Tall into two categories, those _gith a

resolution cubed dependency such as pincushion., 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 resolution cubed dependent distortions can

ali be described in terms of radial and azimuthal or

angular components. The contribution to distortions of

diffraction patterns recorded on our microscope from these

' factors was determined by comparing pred_,cted diffraction

spot centers with those measured. For this purpose we used

patterns collected from untilted two-dimensional crystals

of bacteriorhodopsin. Differences between the predicted

and actual spot cer,ters were broken into radial and

azimuthal components. Radial and azimuthal differences

were then separ'ately plotted versus resolutior, for

analysis. (see figures I_ and 13)
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Figure 12. Error in the prediction of the location of

Oi ffracti on spot centers of gravity; radial component.

Graphs such as these are useful in Oetermining if

resolution-cubed dependent distortions have been introduced

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

dif_ractior, spot _.enters of gravity; azimuthal component.

I
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From plots such as these it was concluded that, in our

microscope under specific diffraction mode conditions,

resolution cubed dependent distortions were insignificant.

Therefore, software adjustment parameters for these

distortions were set to zero.

D_stortions lr, electron diffraction patterns arising from

microscope ellipticity of magnification affect the

calculation of tilt angles and axes. As mentioned in

section I B, the tilt angle and axis of a tilted pattern

are determined from the geometric relationship between unit

vectors 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

a microscope's ellipticity of magnification, will "ause

errors in the calculated tilt angle and axis. For the

proper calculatior, of tilt angle and axis then, we need to

restore the lattice unit vectors to their proper lengths. A

method for correcting these distortions is again provided

in the diffraction pattern processing software. The user '

is required to provide tlne angle that the mirror axis of the

r_',agnification ellipse makes with Lhe 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

carbon films, to be 22.4 degrees Tor the minor axis angle

and 0._822 for the minor to major axis ratio.



._._.,'_Cclle_-ted_ Data

The 2-D ci_ystals o-F PhoE porin were surveyed and diffraction

patterns recorded at fixed tilt angles of (), 30, 45, and 60

degrees. When care was taken to ensure minimal bending c)f

the electron microscope grid, subsequently confirmed tilt

angles came tc_ within +/- 5 degrees of the holder"s fixed

angle.

As described earlier in the Methods section, over the

course of refining the specimen embedment protocol, we

'tested and evaluated three different sugars,

" aurothicglucose (ATG), glL,_Tse and trehalose. ATG was the

first embedment sugar we tried. Figures 14 through 16 are

reoresentative diffraction patterns of 0, 30 and 60 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 30 degree pattern has reflections

out to about 10 A, and t.ne 60 degree pattern yields

detectable spots to a resolution 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
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Figure 14. Electron diffraction pattern from

two-dimensional crystals of PhoE porin embedded irl

autothioglucose (ATG) recorded at a specimen tilt angle of

0 degree.
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F i ,-]u r"e 1_5. E]. e c: t r c;._r, d i f f :' a c t. :i.o I", p a.t t e r n f r- o rr,

t_-_c.-._-d;imensional crystals of F'hoE porir_ embedded in ATG

, rec:orded at a specimen ti].t angle of 30 degrees.
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F J.q ul'" e 16. I-2]. e c:'L r o n d i .F,f r a c t, i cln p a t t. e,r-n _ r- o rr,

t.wc:,.--dimensional crystals o_ F:'hoE pclrin emb_dded in ATG

r"ecol-cled at: a spe:i,c_.men Lj.],t angle o.f: 60 de:,gr'ees.
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si griific:a.ntly imprc, ve di.f'.Fraction spot sharpnessi and t.he

resolt.vt,ion oi_ patterns obtained _rom specimens embedded ir"_

ATG.

Fo] lowing l:iur exper'ience wit, h ATG we studied F'hoE I:'orin

embedded ir"_ ,.:]]. L c:c)se ,, ]:t. was readi].v appar"er, t that F'hc, E

specimen eml:,¢..=.,clmer_t :i.n ,:.]luccise yie].ded r-esults superior to

wl-lat we., ol:ita:i.r_-ed irl ATG. Diffractiorl patterns

represent.ative of c:,-ir I::,est results c_btained _,rom specimens

in g].ucc:,se ar-_d at ti. lt.s of 0._ 30 and 60 degrees are shown

in Fiqur'es 17 tl'irough ].9 respectively. Although t'.he

resolution ].imit and sl7arpness o_: di ffrac:t'i. .on spots _a_-.

improved, we de.sired greater sharpr_ess o_ di_raction spots

locatecl perpendic:u].ar tc, the tilt a'.'es in our pat.terns.

Th:i.s cles:i.r'e _(or even greater spelt sharpness was clriven by

our goal t.c) have off- axis spots as sharp as those along

t.he tilt ax:i.s, an 'i.nd:Lcation o_ exceptional specimen

T].atness. Succ:essful imacjing c_f tilted specimens able to

yi_:-,:l.c;_,i91",reso]u.t:i,on phase inToL_mation requires specimen

•Flatness o_: this degree:,. Ori_ additional goal was to

increase the yi,._.l¢:lI:_ h:i.gh-i:lualit.',_.'pat.terns obtained per

rra], C',l'_C]_.BcOpe se_.si o17.

We, t.:here4:ore cor_ti rTuE.d tO experi merit wi b.h di _._erent

embedment procedures and ever, tua].].y settled upon trehalose

a =. our ertibeclr/_ent sugar o_ choice,, Di_.ract:ior_ studies o_

F:'hoE Jn t.reha].ose c::onsisl:ent.].y y,i e].ded patterns wJ. th sharp
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Figure 17. Elec:trc_r_ di_F_I"actiDn patteJ_n _',rom

two-dimensional crystals o_ F'hoE porin embedded in glucose

recorded at a specimen ti].t angle o. 0 degrees.
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Figure i-_. Electron diffractic,_ pattern from

t_o-dimensional crystals of PhoE porin embedded in glucc_se

recorded at _ specimen tilt angle of 30 degrees.



XBB 897-5718



(.)_j

Figure 19. Electron d_i:fraction pattern frorr,

two-dimerlsiona] crystals of PhoE porin embedded in glucose

re[:orOed at a specimen tilt angle of 6(:)degrees.
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- di._frac:tior_ spots e,'.'tendirtg to high resolutior, (greater

than 3 5 A) even _or specimens tilt.ed to 60 degr'ees We

also rea].ized a dramatic increase i17 oul_ _._uccess rate _:or

. obtainin9 high-quality diffraction patterr"fs. While

providJ, iTg di_:.Frac:tir,n data ideal _:or determin'i, ng PhoE

]att:i.ce rod irr_:.ensities,, the tr-elTalose embedment protoc:oli

a].s.'.,r:,pr'c::,v:i,des sperimens espec:ial]y suited i:or 17igh

res¢7].u'L,ior_ phase delierminat:i, or_ frore images. Examp].es of

di._:.F.rac:t, ior'l fr'c:,m samples in 'ErelTalose at ,:], 3('I, 45 and 6c)

1-7 .., ,,_,

d ,:-:.:.:,g r e e _..... t _ ].+.. a r' e s h o wn J.n F i g u r' e s ,_._..i t h r"o u g h .._...,

respective].y. Tlaese patter'ns are r'epresentative o,F the

t::,e:,_t of the d:i.f{r-actJon patterns c:ol:lect'.ed, having

essent:ially isotr'c_pically sharp spots. More than ha].f

o_,: .l:.t..,e I::'lates in t.he data set are c:_f this qual:ity. The

r-emair_ir'_g patterns did not contain isotropically sharp

spots hut had o_-axis spots wit.h broadenings r_o

greater t.han one four-th of the spots" center-to-center

d_.starTc:es, For microscope sessions involving real].y

gc:c:,d spe:ci, rner-a preparatior, s, one usable f,:i.].m was

r-ec.or-ded for every two of tlTree e>'posed.
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l--.lgL.._.re 2,'.}. E].ect.ror'_ di.FEr'act'_.ort pattern .f:r'om

tw¢:l-dimenslonal crystals o-F PhoE por-in embedded in trehalose

recorded at a specimen tilt angle oE 0 degrees.
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Figure 2,1. E].ectron di.f:Traction p_",.tteI"'n from

two-dimensional crystals of F'hoE porin embedded in

_trehalo.-ie recorded at a specimen tilt angle of 30 degrees.
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F :Lg LLr e ._.._., E 1 e c.'t r _,r, d i _ 4':r e.c t o n p a'[ t e r r7 f r'"o rn

•twc_.-d:Lmert_'i, or_al crystals el; F'hoE pc_rir, embedded ir,

t.r-e'._.lTs_lose recorded at e, =_!.pecimen _:J.].t angle o_ 45 degrees.
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FiguFe ,23,, E.lec:tron di,F'f"rac:ti,on pattern f,r'om

two-d:Lmensiona:[ _ry'stals of F'hoE porin embedded in

t_"ehalose recordecl at a specimen tilt angle of 6(:)degrees.
q

:,,
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3,,.3 F'rc-,cessirl,_] oT Di. Tfr:action Patterns

Ir-,:i.t:i,a].. pr'ocessing of diffraction patterr_s consisted of

indexing the pattern"s reciprocal lattice (using the

COml'_L_ter' pr'ocjr'am AEDDSF') and I_'emov'i.l"ig the i_adia]ly

distribut'.ed noise due t.c:, :i.nela_si:ica].ly scatter'ed electror_s
,J

,(usinq t'.he cC,ml::i,utel.- prc._gram B_,CI..,.), l-ollclwing this, a ,

CI':..,CLI-_) enabling one tc, integratec:(:::,rnp u t. e r- p r"c:,_.]r a m ( F' I ' "" ' "] ""

<
p:i:..:eiized diffraction spot. intensit.;i, es was app].ied to eac:h

i:i]. _,,,te, F'ar"t of . this procedu.re i nc]. udecl the .removal of

r'esidual ba__kgrouncl no:i. se remaining after the initial

_"adi a]. .background s_ubtl'action, An ilntensity acljustment

va].ue _ol.- tlne i_emoval of th:i.s resicl__lal background is

determined for each sp.or individua].].y and is based on the

d i Ii:_t. I"" ii, L_)u t i o FI o f I-i o .i, f_ e i. I"i _'-h e a I_ e __ i m m e d i a t e 1 y s LI r r: o u ncl irl g

c-,ach difEr'action spot. A typic.ai, e'.',ample o. a diT. T.raction

pat.terr_'_s res:i, clual background and i. ts stanclard deviation is

gi,,.,enin Figures 24 arid ,=_5respectively. A nominal va].ue

#:or t,he av(..',)ragelot',al batc:kgroLtnd, in our plates is about (]i

while a value o.F 3t_0 is typic;al Tor its standard deviation.

i

A.f:t.er acljustment.s are macle J,;or t.he effect, c!E ilocal

bacl.:igrou.nd noise.,, Friedel symme.,try ...... elated diffraction spot

:i.nt.ensit.ies al'-e ev'a'.l_,ated. For every symmetry-f'-elated pair'

an :Lnl:.ensitx' average and di_fer-ence 'i.s ca].c:u].a'b..ed. Only

•Ll",c_se, I:_aJ rs for wh:i. el-, t.he :i.nt.er'_si.t.'y di f-Fer'ence i s.; not

great.es .... Ll-,an their- average nor gr'eater tlnan a use, l.... definecl
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Figure 24. Average residual backgroL_nd intensities after

subtraction of radial background. Intensities are in

arbitrar_ _ units and are based on a linearized optical

density scale.
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Figure 25. Standard deviation of residual background after

subtraction of radial background. Intensities are in

arbitrary units and are based on a linearized optical

density s_ale.
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tlnreshold'are included in the ,_inal intensity outpu, t list,

Tlnis test .is ,..is,.=.dto i_eject tlnose spots with qLtestionab]e

intensities due to scr'atches or foreign matter on the

scianned film. The tlnreshold used in our data processing

was IiC10 and was determined empirically from plots

d,-_.l:pict:ing [:.he fl'equency of occur-fence of Friedel pair

i.r',_..ensity differences. Exa'mpies o_: these plots for" an

urlti, lted sample is gi'-vcmn in F:igure 26 and for- a sample

tilted 3(])dea]rees in Fi.,_ure _._7.

l--or a gi,ven di _fr,q_zti on pattern., sums of the intensity

averages and differences of Friedel symmetr,i related spots

passing the rejecti_._n -riteria are used to cal__ulate a

Fr-iedel symmet-v R-factor (Rs',vm) (Equation .i-,),

L_, --

H,K H,K -H,-K
Rsym =

H ,K1/2 ('H,K + '-H,-K)
E_tql.t E"l.. ,.._':L (DFI _...,

T",'i ; '!-:. i-_;,.-',,.m J,:::a.(:: P.c) v" i. ,s Li.._,__d a_. ._, (:]LXG.]. ]. #v .'"h;_,.':i.:]. r'a,.4 !.9,s',._"_r'rg,=-,t(_i " _..(-_,

a __-',,_.':.::_, ",......:-,e ",Ti,,::,dr"_,.-_<:.'.,::_" ,.]"P ,.d; c .i:,i".-a,;: c: ' (::,in i.-,a i'- t'.el";-, '_ :_',,qd the'..

perfor'man,::e oi: the i::)i.-oc:.e,i-.-'.,J.n.:j s,::,,.f:l':_-,_ar'_. ]:r"; our- F'hoE dat:a

set a .:sigr, ifi,i:ant fra_zti.:::)r-_ ,_. di_fr-actian spints have

i-elat_.v,_=ly io_ intensity. Gr'eater" that, _,:7:)percent of the

reflect.:L_-_r',sLn the F'hoE data _set have an intensitv above

the mean bac:l:,]:"_Lcnd ',:ha_..is less than or equal r.o one noise



oA, stFigure _.. Hi ogram of the differences in the intensities

o. Friedel symmetry related diffraction spots from the

diffraction pattern of an untilted specimen. Bin widths of

1(')0intensity units have been used.
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_'_ Histogram of the difTe1"er',_es i.n the intensitie=_Figur'e ._,.

of Friedel symmetry related diffraction spots from the

diffraction pattern of a specimen tilted _'".z,_.idegrees Bin

widths of 100 intensity units have been used.
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stan..!ard deviatior,. Due to the nature of equation 3, a

high percentage of very low it,tensity spots car, tend to

increase the size of a patt.ern'_s global Rsym. If one

calculates the Rsym Tor those ' spots with intensity averages

greater than one noise standard deviation over background,

or",e obtains Rsym values that are signifcantly smaller.

Examples of Rsym factors, deteI_mined by considerin_ ali

reflections and only those above one noise standard

deviation plus mean backgrouno, are listed for a few

sample plates in Table 3.



/

TABLE 3

Examples of Di ffr-acti on F'attern Rsym Values,Q

PI ate Speci men Rsym ,
,?

Number Tilt Angle Ali Points Spots > 1 Std. Dev,,

9170 0 0,27 O, i0

7584 30 ('_49 0 1=• • _,J

7697 30 0.40 O. 16
f

('_'-" 45 0 40 0 15o- _ _ ,_| • •

0006 45 ('I.26 0 . 1_._

8854 60 0.41 0. 19

86.=_9 60 0.31 O. 18

The plates fI_om 30, 45 and 60 degree tilted specimens

].isted here are representative of. the worst and best

obtained for each of these tilt groups, The plate from the

untilted specimen is the best within that group although

all the plates _rom this group are of si milar quality.
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3.4 F'atterr, MergirTg and Intensity Curve Fitting

When ready for this last phase of data processing., each

diffraction pattern will h_ve be:=.n reduced to a ii.st of

integrated spot intei_sities. More specifi'cally, tlTe files,

to be merged wi ],i contai n the Mi iier indi ees. of the

combined Friedel pairs as well as their _or'resF, or,di,ng

average intensities and intensity d!ffer'ences. The
i

intensity differences will be used to deter'mine the ".[ehf.lth

of the error bars appearing on graphs _l",er'e outyes are

fitted to the measured intens:ities for __ach lattice rod.

During the processir,{= c_f diffraction patterns to generate
,,

these files a corresponding specimen tilt axis a',qd angle

_._er'ecal cul ated. Wi th the di ffracti on spot f i Ies and thei r

corresponding ti]'t, angles and axes to Ii;._ the patterns _"

positions in space., the intensities cara be merged to form a

3-D set of intensity lattice rods.

The Fourier transforn, of a 2-D crystal will generate a

contir, uum of intensities and phases along the length of the

lattice rods. For transforms o.F su_17 ctx'sial=_, w_ii.c:h have

beer, samp].ecl via a finite number cit tilted speci,i_en

diffraction patterns, the lattice roOs obtained from data

merging are not lines of continuous data bLlt "chains" of

discre'te values. In order to obtain a continuum o4

ir_tensities alor,g eech lattice r Gd_ the data for each rod

_l,L,st be curve, fit.



In the PhoE data base, 'to a l'-esolutlon .of abi._u_ 2.(3 A_,

ther.= are greater' than '__ LIOCI lattice r,_ds. E_.'amples o,_

P't._.Fitted lattice rod intensity r.urves are given in Figure _.

Along the fitted curves., measured data points are depi,.-ted

_,ii.l'-'.h ._.r,. "X". Each such point I_epresents the aver?age o,_ a

Fr':i.edel pair. The err,Dr bars ab(}Ltt each data point

.. represent the intensity ,differences IDetweer, the Friedel

syrnlnetr'y rela_ed -3pot_. Thus., the two extreme ends of tke

errc, r bars actually'represent the measured intensity,

'_'al_ue.sof each member of a Friedel pair.
l

Having created the lattice rod intensity curves allows one

to as_ess how well tlne ,di_frac'tion patterns met'ge. This

assessmenh is a'ided by the use ,Dr the Rmel"ge .6actor'. This

ac'l:(Dr is de_er'mined by a cclmparis_Dr, o.f measured

di,ffi'-acticn spot intensi_.ies with those interpolated fr'ore

t::c_r'l".._sp.,Dndi' rl,:_ =_pat :i. ;al [ cc..-_t i .,:::)r',s ,::_Ion:ii the _ :LLted i. n l:er',<---,i L./

(::ur"..,'es. Ec._uaLion q. det"ines I:he Rrner'ge fact_:_r as"

I -I
R _ H,K , OBSH K curveH,K_ , | , , ,

merge _-, I

H,K curveH,K
equat._.on 4
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Figure 28. Examples of merged diffraction intensities and

their fitted curves for four lattice lines. The x's

represent averaged Friedel related inter_sities while the

vertical lines associated with these points represent the

intensity differences between the respective members of the

Friedel pair.

J

/





Iobs represents tlne aver'age intensity of a Friedel pair

while Icurve represents the corresponding curve estimated

intensities. The summations are over ali diffraction

spots available. Considering ali reflections in the 3-D

data set a global Rmerge value of 0.39 was obtained. As

is tlne case witl7 calculations of Rsym Tactors, patterns

_ith la_'ge number_ of very low intensities can yield

relatively high Rmerge fac:tors. Since only lC, 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 Rmerge value of (:).27 is

obtained.

As a check to see how thoroughly reciprocal space has been

sampled, one typically plots the lengths of the lattice rods

constituting the intensity data collected. We have plotted

the 3-D lattice rod data in a 2-$)format by rot ationally

projecting the intensity data about z_. In the resulting

graph the horizontal axis defines resolution within the

a_:.b_ plane while tlne vertical axis continues tc_ represent

z*. In an effort to keep the plot simple we have choser, to

plot only the maximum resolution sampled along each lattice

rod. When merging the various diffraction patterns to

genera_e the 3-D _data set a global resolution limit of _ 5q d_..

A _as imposed. Due tc, the d_ffraction spot rejection
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cl"iter'_a and radial range limits applied during individual

diffraction pattern pro,_essing,_ a majority of intensity

lattice rods in the data set will have points oT maximum

resolution significantly below the global resolution

limit. Figure ...9shows su(:h a plot where the sampling

lim.it.s are depirted as dots.



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

two-dimension_ representation o_ the three-dimensional data

set. lt was generated by Compressing data about the _ axis

so that the horizontal axis represents resolution alone the

a_ b_ plane. Each dot represents the maximum reso].ution

sampled along a particular lattice line.
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3.5 Distributiom of In'_ens:i.ty in the, 3-D Data Set

Diffrac:tlon patterns of specimens ti'.Ited at 45 and 60

degrees display zones of intense off-axis r'eflections

centered at about 4.8 A resolution. Tl-,ese strong intensity

zones occur in 'the same respective region of each 4.5 and 60

clegree tilted pattern regardless of the orientation of. the

crystal with respectito the specimen ti].t axis. The 3-D
,,

:intensity '_data set shows that the strong intensities in

these off-axis zones are distributed as a 'Figure of

revolution about the z_ axis. This toroidal distribution
,

of intense reflections indicates a general cylindrical

symmetry' in the pori.n '_s structure.

The 3-D diffraction intensity set contains several

interesting distibutions of bright reflections, Figure 30

is a contour plot of these intensities which have been

compressed into a _m-D format in the same fashion described

earlier for the reciprocal space sampling plot. The

strongest reflections are clustered into' limited domains of

reciprocal space. Of particular note are,.the clusters of

int.ense reflections uccuring a't low values of z_ wh'kch are

centered at resolutions of about 67A_ 13A., 1OA and 4.4A and

the arc-like "finger" of st,ror_g intensities extending up

from the a_:_b_. pl ar,e centereci at about 4.8A resol LLtion.
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Figure 30. Contour plot of intensities in the di 'Ffracti on

data set. This graph is a two-dimensional representati(on of

the three-dimensional data set. lt was generated by

prc_jecting data about 'the z:_ axis so that the horizontal

axis represents resolution along the a_,, b_ plane. To

generate smooi_In contour plots of the intensity distI_ibution

witlnin the data set, the original array of data was

sup er pix e Iiz ed in to a 4(.I,.,40 p i,.:e I cna tr ix p r ior to

contouring. Slnown in this figure are five contour levels,

with tlne first (lowest) level representing the minimum

intensity value. Level two indicates the location (of

intensities greater than or equal to one and one-lnal.f times

the standard devial_.ion of 'the intensities in _Ine

superpixe].ized data set. Levels three and higher are

incr,emen_ed in steps of one intensit,.¢ standard deviatic_n.
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Combining the obsel"vation that 'the dominant high resolutior,

feature in the merge¢', intensity data is the "ar'c" o_ bright

reflections centered at about 4.8 A resolution with the
J

finding tlnat tlnese re._lections are toroidal ly distributed

about z* suggests the existence of cylinclr'ically shaped

beta-sheet lr, tlne sitructur'e o_ F'lqoEporin.



14()i

SECT ION IV

i

DISCUSSION

4.1 Porin Pore Diameter Estimates

We assessed the prediction of porin pore diameters from the

results of black lipid membrar, e (BLM) and porin liposome

experiments. It was found that by applying appropriate values

for the single channel conductance and channel length,

in the equation used to estimate pore radii from

BLM conductance data, values significantly different from

those predicted from the various liposome experiment data

would be obtained (see Table I and _). The BLM conductance

based estimates derived in this manner are lower than the

minimum diametrr of solutes knowp to be able to pass through

the porin chann¢._is (H.Nikaido, personal communication). Pore _

diameter estimates determined from permeability rate studies

of OmpF, OmpC and PhoE fall into a range of 10 - 1_ A

Current data pertaining to porin exclusion limits appear to

be better suited for indicating an, upper and lower bound for

estimates of pore diameter rather than one specific value.

Potential sources of error in the estimation of pore

diameters from BLM and permeabilty rate data include
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deviations in the porin structure from that of the cylindical

geometry imposed in the respective models, in the use of

estimated pore lengths and in the assumption that properties

of the bulk medium such as conductance reflect conditions

existing in the porin pore"s interior accurately eno_Jgh.

4.2 Porin Chant,el Voltage Gating

We al so reviewed the literature for results addressing the

existence of voltage dependent closings of the individual
,

channels of porin trimers. From the evidence we

encountered we became convinced that the channel

conduc.tances of the porins, as measurecl with the BLM

technique, car, indeed be voltage modulated. 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 experimental protocol and

technique. Areas of _experimental difference included when and

where the porins were added, how the transmembrane potentials

were applied and the time interval o_ data recordings.

AI though we wholeheartedly acknowledge the observatior, of

voltage dependent closings o_ the major E.coli porins and

PhoE in numerous in vitro systems, we remain to be convinced

that similar types of chanr,el closings occur in intact cells

under physiologica) conditions.



4.3 Electron Crystallogr'aphy oT F'hoE Por'in
,I

F'reliminary analysis revealed that our 2-D crystals of PhoE
,L

porin were extremely well ordered. To ensure that we could

obtain sO.f ici ent numbers of hi gh qual ity el ectron

diffraction patterns .From these cr'ystals_ we embarked on a

series of experiments in an effort to establis.h a protocol
i

which would allow us to create flat., weil- preserved

specimens oln a reliable basis. Achieving this capability

would not only allow us to obtain high-resolution electron

diffraction data but dramatically incre.,ase our chan_es Tor

success in collecting images able to yield high-resolLv_ion

phase information even' a& high sper_imen tilt angles. After

surveying a ,variety of embedment conditions we settled upon a

protocol which used trehalose as the embedment sugar.

Specimens embedded in trehalose on top of hydrephilic carbon

coated grids yielded crystals which were evtremely flat and

w_l I ordered. Thi s was evi dented by our abi 1ity to col iect

electron diffraction patterns hawing isotropically shaft,

spots., even from specimens tilted up to 6(:1degrees.

Processed el.ertren diffraction patterns were .ound to yielcl

structural information beyond 3 A resolution and were merged

into a 3-D.intensity data set, Analysis of the global

distribution of refl.ections in this data set reveal, ed a

unique toroidal distribution of intense reflections centered

aboLvt the z_ axis at a resolution of' about 4.8 A. Since the
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aver'age inter-strand spacirlc..l of beta-sheet is about 4,8A

(Richardson and Richardson, 1985), 'this observation provides

strong evidence that a cylindrically slnaped structure, made

up of beta-sheet represents a major portion of the
i

polypeptide chain of PhoE porin, .

This iriterpr'etation of the di Tfracti on data is in agreement
i

wi'th 'the general conclusions of earlier biophysical studies.

Spectr'oscopic studies Inave established that the E. coli

porins are predominantly anti-parallel beta-sheet with

little or no detectable alpha-hel_x '(Rosenbusch 1974;

Nakamura and Mizushima 1976; Nakamura et.al. 1974: Vogel

and Jaehnig 1986). The results of previous electron

crystallography studies of PhoE porin in both negative

stain and glucose embedment (Jap 1989) suggest that much

o{ the porin'_s protein is beta-sheet, arranged to form a

cylindrical structure. X-ray diffraction investigations of

OmpF porin, a porin highly homologous to PhoE, yielded

evidence for the existence of a. significant segment of

beta-sheet with strands oriented predominantly

perpendicular to the membrane plane (l,::'.leffelet.a],. 1985).

In figure 30 it can be seen that there are a number of

gener'al features di scernabl e in our data whi ch are al so

appar'ent in the X-ray diTfraction data of Kleffel et. al.'_.

ir0cluding,the "arc:" of intense reflections located between

5.0 and 4.5 A. Unfortunately "the paper of Kle_fe]. et.
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al. only c:ontains one azimutlnal view of the distribution of

diffraction intensities. This is not sufficient to assess

whether this di;fraction data set _ contains a toJ"oidal

distribution of intense high resolution reflections similar

tc, that seen in the PhoE data.
i

Altlnough there is a continuum of relatively strong

intensities along the high resol_ttion '_arc'_ in the PhoE

merged data set, the strongest intensities are clustered

into a few regions. Figures 31 through 3o are graphs of

intensities present along reciprocal space t_arcs" of varying

i

widths which are centered between 4.75 and 4.8 A resolution.

The horizontal axes of these graphs describes the angle of

inclination up from the a*,b* plane. From the perspective

of a protein oriented in a lipid bilayer, these angles can

be considered to represent the angle formed between the

observer's line-o_-sight to the protein and a line normal

to the membrane plane. What one readily notices in these

figures is that the strongest intensities are clustered

b_modally about inclination angles of 0 and 35 degrees.

Add_tionally, it is apparent that the relative heights and

wide-hs of t.hese clustering peaks are quite sensitive to the

widths of the arc zones evaluated. Of the two major clusters

at 0 and _.:,_,degrees, the brightest reflections are associated

with an average inclination angle o_ "_z.o degrees. Additional

c:lusterings of substantially lower intensities are d_stributed
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:igure 31. Distribution of intensities along a radial

resolution arc of 4.8 A. The width of each intensity

integrating bin is or_e degree. Reflections at a resolution

within 0. 001 I./A of 0. 208 !./A were chosen. This case was

arranged so as to show the distribution of int.ensities in a

narrow region about 4.8 A, the average interstrand spacing

in beta-sheet.
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Figure 3 __. Distr_butimn_ of intensities along a radial

resolution arc of 4.78 A. The width of each intensity

integrating bin is one degree. Reflections at a_ resolution

within 0.0025 I./A of 0.2095 I./A were chosen. This case

was arranged so as to show the distribution of intensities

in a zor_e centered at the location of peak intensities

occuring within a 5.0 to 4.5 A resolution window at an

inclination angle of 0 degrees from the a_,b_ plane. The

width of the zone is equivalent to the standarO deviation

of the intensities about the peak at 0 degrees inclination.
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Figure 33. Distribution of intensi, ties along a l_adial

resolution arcz o4 4.75 A. Tlne width of each intensity

integrating bin is one degree. Reflections at a resolution

within 0,01 I. /A o_ (:I.21 I./A were chosen. This case was

arranged so as to show the distribution of intensities in a

zone centered at the location of peak intensities occuring

_ithin a 5.c')to 4.5 A resolution window at an inclination

angle of 35 degrees from tITe a_,b_ ;)lane. The width of the

zone is equivalent to the standard deviation of the

intensities about the peak at 35 degrees inclination.
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througlnout the length of these "arcs". The inte1_esting

distribution of intense reflections seen in this data

indicates that al though some of the protein:'s beta-sheet

strands are distributed over the range of til.t angles _rom

0 to 6('Idegrees, .relatively large portions of the protein"s

beta-sheet are made up of sitrands t.iltecl close to 0 or ..,_

clegl_ees away from a line normal to the membrane plane.

q

To obtain a length estimate of F'hoE porin structure extending

perpendicularl, y th1'-ougln the membrane_ an analysis of the

lattice rod intensities was conducted using methods

described by' Henderson (1975). In such a treatment, one

considers the modulation of low resolution intensites along

a given lattice rod to be due in large part to the thickness

of the protein within the membrane. This intensity modulation

has the form of a sine function and is modeled as the Fourier

transform of the step-like extent of the membrane. One then

'

can get an estimate of the protein thickness from the width of

the first ma;.',ima at half-maximum.intensity. From our

analysis we determined a value for the mean structur'e length

.,-._f37 A having a standard deviation of 1_. A. These values

are based on data from 74. lattice ro0s.

Based on .the results of an FTIR spect_-clscopic analv=is of

OmpF porin two general secondary structure models for that

por'ir, were pl-opcJse:cl and assessed (Nabedr,/k et. al,, 1988).

One model requ.ired that ai1 the por'in's beta-sheet sty-ands



have an average tilt of about 45 degr'ees'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 witl7 strands perpendicular to the membrane plane.

Since pr'evious X-ray diffraction studies (i<leffel et.al. 1985)

Inad been interpr'eted a's indicatir_g a signif:i,_ant presence of

unti, lted beta-sheet strands, Nabeclr-yk et. al. endorsed rh(e:,

latter model. We have not found evidence for the existence

oF a large population of beta-sheet strands with an average

tilt of 45 degrees in the PhoE 3-D data set. While we have

found evidence i.ndicating a significant population of

untilted beta-sheet str'ands in the structure of F'hoE, we

have not seen strong intensities at a resolution of 3.5 A

in the a_,b_, plane which would be predictive of a'similarly

sized domain of beta-sheet strands parallel to the membrane

plane.

Recently., the projection map of untilted PhoE porin has beer,

determined to 3.5 A resolution (Jap et al. 1990). In this

map,, the h_ghest density feature is a "beaded" ring-like _

structure whi_.h demarks the perimeter of each monomer in a

PhoE trimer. The average spacing between the "beads" of

each monomer associated "ring" is between 5.A and 4.5 A.

The dimensions and distribution of these high density

features is comparable with the idea that this pro-iection

map represents an end--on view of c.ylindrical'.iy arranged

segment_ of be,ta-sheet ih which a significant fraction of



the full length oT the beta-sheet, strand._ are oriented

essentially' perpendicular to the membrane plane,

In summary we have presented evidence for the existence of

major populations of beta-slneet strands with average tilt

angles of 0 and 35 degree.-_. In addition to these primary

beta-sheeL sLrand F..Ol::'ul'ationsthet",.',._,also appear-s to be

les:ser arr,ounLs of be'ta-sheeL sti'ands with orientations

covering the range of tilt angles from 0 to 60 degrees.

Fir:a].Iy., these beta-sheet strands are predicted t.o be

arranged into a generally cylindrical structure.

i

Incorporating this interesting mix of beta-sheet strands

into ' a ster'eochemically acceptable structure would appear to

require a complex arrangement of the protein elements

described. If the general structural motif of a PhoE porin

monomer is a right cylinder, certain organizational

constraints must be reckoned with,. Such cylinders would

have to be able to generate the. unique spatial distribution

of strong intensities in the data set., 4or example those

seen at iri'rlination angle_ of 0 and "_. ... ..,_degrees.

One interpr'etation would be that this unique intensity'

distribution is the result of a tilted arrangement of right

bet'.a-sheet cylinders comprised of a homogeneous populatior,

c:Jfbeta-sheet strands with a tilt angle re].ative to the/

monomer axis that is not equal to 35 or 0 degrees. The
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effective tilt of the beta-sheet strands on each monomer

within a trimer would be the combined result of monomer tilt

with respect to the three-fold trimer axis, tilt of the

trimer three-Gold axis with respect to the membrane plane,

and tilt of the beta-sheet strands with respect to the

mclnomer axis. The likelihood that su_.h a scheme is ar.tua]ly

reflected in the PhoE structure seems low since the monomer
t

i

tilt angles, as implied by' the negative stain data_ appear

to be too small to introduce the variety of orientation

needed to generate the bimodal intensity distribution from

strands of a single tilt angle. Although a monomer pore tilt

angle of about 20 clegrees was determined from the negat:ive
i

stain data (Oap 1989), the general shape of the stain filled

regions implies that the protein cylinder itself is tilted

very little. Proper assessment of the feasability of this

general model will require modeling analysis beyond the

scope of this thesis.

The otlner alternative is that the monomer structure itself

is made up of beta-sheet strands with tilt angles close to

35 ancl 0 degrees. The stereochemical design by' which such a

structure could be r'ealized cannot be deduced in advance,

and one must simply wait until a high resolution 3-D density

map is available before trying to build a molecular model

that can account for the observed distribution of

diffraction intensities.
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Although we cannot solve the stru_.tu.re with the i.n i:or mat ion

currently in hand, we _ar assess the design constraints

imposed by structural parameters sucl7 as cylinder size and

'the predominant beta-sheet strancl tilt angles. From
,

pl'"ojection maps oT untilted PhoE embedded in glucose the

' circun,_er'ence at the mor,omer'_,-_widest point has'been
0

estimated to be about 100 A (Oap 1989). A, monon,el°- with

a (::ircumferenc.e o_: _his size could contain a beta-sheet

_ylinder composed of _'°iuntilted strands, or 17 strands

witl7 a tilt of 35 degrees with respect 'to the monomer_s axis.

One orgaoizational scheme feasable under the above conditions

is that a monomer consists predominantly of a stacked

arrangement of cylindrical segments/rings, each segment
('

homogeneously composed o_ beta-sheet strands tilted either '_=.=,

or 0 degrees. Based on surveys oT soluble protein structure
\

(Richardson., 1981) a relatively large change lr, beta-sheet

strand tilt angle can be brought about through a combination

of appropriately placed beta-bulges and turns. Therefore,

between cylindrical domains of 35 and 0 degree tilted

beta-str'ands one would also expect to Tind intervening

strand orientation transition zones. If the number of

strands maki ng up the monomer under such an arrangement is

held constant along the monomer"s length, the diameter of

the cylinder can not be maintained over its length. This

combination of structoral elements would result in a

monomer having a stepped funnel-like apperance.



A var'iant oT the prev:iou.s structural scheme is the case.,o__ a

constant diameter monomer. If' a monomer cylinder of constant

diameter was to be made Trom stacked homogeneous segments of

35 and 0 degree tilted beta-sheet strands_ then strands

would have to be removed or added as one traversed the

'.lengtl7 of the mclnomer. As witl7 the variable cliameter
i

c:ylinder scl7eme, ._hanges in stl_and tilt from C1 to 35 degi_ees

c:ould he. brought _bout through a combination oT beta-bulges

and turns.

An additional point to consider is whether a monomer with

constant cylindrical dimensions, such as those noted in the

projection map of F'hoE, could for'm an effective pore

diameter of the size expected from BLM, diffusion rate and

exclusion limit experiments., about 10 A. Satisfy. ing both

dimensional constraints with this cylinder seems highly

X ,

improbable, for even if the cylinder interior were

thoroughly lined with the longest amino acids available (eg

iysines) fully extended from the. beta-sheet backbone, they

would not be able to form a channel-like occlusion with a

diame'ter as small as iCI A. One answer to this apparent

problem would be the addition of other channel-forming
J

segments of beta-sheet having a diameter significantly'

smaller than the ma:._imum cylinder diameter seen in t.he

projection map. In tlTe F'hoE projection map relatively high

densities., comparable to those forming the "beaded rings"

described earlier, are seen within the: confines of the
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appal-ant beta-sheet cylinder._ i.ndicating that additi'c.,nal

channe]-_or'ming structures o_ narrower dimensions ,nay indeed

be part o_ the monomer"s structur'e.

The models considered above have made L_se OT "stacked"

arrangement.s of Cyl.indrical regions o_ beta-sheet, composed of

17(:_inc,ger, eously t. ilt.ed str'ands. It'. is also possible that t.I-',e., '

porin structure"s beta-slTeet 'contains a mixture of stri._nd

tilt angles distributed about the mr_nomer"s cyl:indricai axis.

S,.lr'h am, arrangement might be the end resuit of beta-slTeet

strand e_._traction and could leave gaps or other

imperfections in the "lattice work" of the beta-sheet in

regions where strand/strand hydrogen bondi:_g could net

occur. Concern about the functionality of a structurally

imperfect cylinder would be lessened if this cylinder were

enclosing a second smaller cylinder., possibly made Trom tlTe

same extracted strands that caused the outer _ylinder

imperfections.

Whatever the actual protein envelope it is evident that a

beta-sheet structure architecture mc,re complex than that r

clescr :ibed for a typic-al beta-barrel (Richardson 1981,_

Salemme 1981., Salemme and WeatherTord 1981,', is involved in

the structure of F'hoE porin, How such a task has ar.tually

been accomplished _._'i.l].have to await the determination c,f

rite _7"igh re soiution structure to thr'ee dimensions,
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4.4 Future Prospects

We have obtained a complete ". D intens,-"- ity data set of F'hoE

porin extending out to a resolution of 3.5 A. Data out to

this r'esolution has been shown to be i_eliable according to

the accepted criteria for evaluating eiectrc, n diffraction

data, Rsym and Rmerge. Altlnough this represents a

significant stride, the intensity data set remains only one

half of the data ne_.ded to solve the atomic structure of

PhoE porin. We are currently in the process of collectin{j

images to obtain high resolution phase information which

will become the remaining half of the data needed. As

high-resolution images are obtained, the intensity data set

will aid in the determination of contrast transfer functions

and in the evaluation of image quality.

A team of researchers have made significant progress towards

solving the structure of Rhodopseudomonas capsulata (R.h

capsulata) porin to atomic resolution via X-ray

crystallography (Nestel et al. 1989). Tlney have

reported obtaining cl-y'stals of the native protein which

diffract beyond .z-.5 A. Functional porin is isolated

from the bacteria in monomeric form. This is in contrast to

the major porins of E. coli_ as well as for F'hoE, which are

all isolated in a functional trimeric form and for" which

monomers can only be obtained under denaturing conditions.
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Circular dichroism spe_t_roscopy o__ the porin from R.

sphaeroides has shown, just as Tor the porins of E. coli,

that the protein is predominantly in a beta-sheet

conformation with little or no discernable level of alpha

hell:" (Weckesser et al. 1984).

The \ersatilitv of these proteins in servincl as regulators

of solute dif_Jusion_ as well as their resis_iance to

denat.uration over a range of e:'treme conditions is widely

recognizeO. As the structures of the porins from E. coil

and R. capsulata are determined it will be of great

interest to know what common and possibly unique structural

motifs exist between them. The architectures revealed in

these "si mple" transmembrane channels will provide models

for understanding the mechanisms involved i_7 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

F'hoE imaging studies (B.K. Jap ,'_,npublished results)

indicate that obtaining high-resolution phase information

from tilted specimens is a rea:is_ic expectation. More

significantly, they' indicate tha_ solving the structure of

P.hoE porin to atomic resolution by electron crys_allograph_,

is an achievement we _an e._'pect to accomplish in the not too

distant future.
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