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ABSTRACT: The channel-forming protein OmpF porin froEscherichia colispans the bacterial outer
membrane. Each of the three monomers comprises a hollow, 16-stra#macel. These are associated

to homotrimers which are unusually stable, due mostly to hydrophobic interactions betwegebatirels.

In addition, a loop, L2 connects one subunit to its neighbor by latching into its channel. Residue E71 on
loop 2 is integrated into an ionic network and forms salt bridges and hydrogen bonds with R100 and
R132 on the channel wall in the adjacent subunit. To examine these contributions quantitatively, six
single-site, two double, and one deletion mutant were constructed on the basis of the atomic coordinates
of the protein. Differential scanning calorimetric analysis showed that the salt-bridge, E71-R100, contributes
significantly to trimer stability: the substitution E71Q causes a decrease of the transition temperature
from 72 to 48°C, with AHc diminishing from 430 to 201 kcal mol. A nearby substitution in the loop,
D74N, has lesser effects on thermal stability, while the deletion inA&9¢-77) has an effect comparable

to that of E71Q. X-ray structure analysis to 3.0 A resolution revealed only local structural differences in
the mutants except for the substitution R100A, where another residue, R132, is found to fill the gap left
by the truncated side chain of A100. Functional assays in planar lipid bilayers show significantly increased
cation selectivities if the charge distribution was affected.

Porins are proteins forming water-filled, voltage-gated (10, 11), suggesting that it functions as brace or girder in
channels across outer membranes of Gram-negative bacterighe near-cylindricals-barrel. In addition to the extended
such asEscherichia coli(1). While outer membranes serve apolar contact areas, loop L2 reaches over to the neighboring
as barriers protecting the cytoplasmic membrane from subunit, forming polar and ionic intersubunit interactions.
noxious agents such as hile salts, proteases, lipases, anthvolved in this is the glutamyl residue 71 (E71) which forms
toxins, the passage of nutrients and metabolites is securedour H bonds with the guanidinium groups of R100 and R132
by porin channels, which facilitate diffusion of polar solutes across the interface (Figures 1C and 2B). D74 is forming
of <400 Da. The porins are homotrimers (Figure 1) formed intraloop H bonds (Figure 2A) and is thought to contribute
by three hollow 3-barrels consisting of 16 antiparallel to the internal stabilization of the loop.
pB-strands each2(-4). The trimers are extremely stable in In this study, we present a quantitative evaluation of the
that they withstand heat, chaotropic salts, organic solvents,contributions to trimer stability of the polar interactions just
detergents, a wide pH range, and exposure to proteobysis (  outlined, which concern the latching loop L2 and the
8). A closely packed hydrophobic core is formed in the neighboring monomer. The changes in function of the
trimer (3) and is assisted by apolar contacts between the mutants are correlated to the structural alterations in these
constriction loop L3 and the barrel wall (Figure 1). A mutants.
hydrogen-bonding network linking L3 to the wall, and steric
interactions between the tip of L3 and tiebarrel @) are ~ MATERIALS AND METHODS

also involved. This latter motif is conserved in the three- Porin Mutants, Functional Assays, and X-ray Analysis.
dimensional structure in the specific porins we investigated pqyin mutants vx;ere designed on th'e basis of the atomic
coordinates of porin3) and constructed by site-directed

T This work was supported by grants from the Swiss National Science mutagenesis as q_escribed p_reviouSlQ)( _Overexpressed
Foundation to J.P.R. and T.S. and by support from EU-BIOTECH/ proteins were purified according to established proto@)ls (

BBW to J.E.R. § hould be  add g i which involves the detergents SDS for extraction and octyl-
mseﬁ‘k’,usﬁhgﬁjbggﬁﬁ?ﬁ;‘s_‘f:ﬂ?e shou e addressed. E-mall: poE for purification. Employing the planar lipid bilayer
* Division of Microbiology. technique, single channel ion conductance and zero-current
ﬁ Division of Structural Biology. potentials were measured as descrit#8).( To secure good
Division of Biophysical Chemistry. reproducibility of the zero-current potential measurements,

1 Abbreviations: DSC, differential scanning calorimetry; octyl-POE, . . . .
octylpolyoxyethylene; SDS, sodium dodecyl sulfate; PAGE, polyacryl- Solutions were well .St"red (500 rpm), with a distance
amide gel electrophoresis. between the magnetic bar and the stirrer of 2.5 cm. lon

10.1021/bi981215¢c CCC: $15.00 © 1998 American Chemical Society
Published on Web 10/20/1998



15664 Biochemistry, Vol. 37, No. 45, 1998 Phale et al.

Ficure 1. The interaction of the latching loop L2 of wild-type OmpF porin with fhearrel of an adjacent subunit near the constriction

site as revealed by the crystal structuBg (A) Top view of the OmpF trimer. It can be seen how loops L2 (green) interact by forming

cyclic intersubunit contacts, reaching over into the neighboring subunits. The extended hydrophobic contact befseamelseis shaded

in yellow. (B) Schematic representation of an OmpF-porin as viewed from the (vertical) 3-fold symmetry axis. The monomer which would
face the viewer has been clipped off and only its loop L2 (purple) is seen. This loop is inserted into a gap in the barrel wall of the left
monomer, originating from loop L3 (red) folding away into the channel. Loop L2 (green) from the left monomer latches outward to contact
the right monomer in an identical manner. (C) Close-up view of the interface between between L2 and the adjacent subunit (framed in
panel A). The three residues investigated in this study (R100, E71*, and D74*; the asterisks denote residues from the adjacent subunit) and
the residues of the arginine cluster at the pore constriction (R42, R82, and R132) are shown in full. (D) View onto the contact region
between loop L2 and the adjacent monomer (similar orientation as in panel C). The surface of one monomer is shown in blue. The backbones
of the other two monomers are depicted in green and purple. The area of the monomeric surface that4sAwvithiheresidues from the

adjacent loop L2 (green stick model, residues-86) amounts to 575 Aand is shown in yellow. The figure was produced with DINO

(31), the surface was generated with MSM®)

selectivities Pna/Pcj) were derived according to Hodgkin and used. Refinement was performed with the program REF-
Katz (14). Mutant porins inserted into bilayers as efficiently MAC from the CCP4 suite1(6) using the MLKF target.

as wild-type protein, resulting in low noise channel record-  Thermal Stability of Trimers SDS-PAGE was performed
ings. Crystallization was carried out as described for wild- to determine the temperature of trimer dissociati®g) Of
type protein 15). The methods and programs applied for the various porin mutants. Protein samplegg$ containing
crystal structure analyses of the wild-type protein were those SDS and3-mercaptoethanol at final concentrations of 1 and
described previoush9j. Crystals of mutant proteins (space 2.5%, respectively, were incubated for 10 min at various
group P321; typical size, 0.3x 0.3 x 0.3 mn?) were temperatures (40100 °C, in steps of 5°C). Shifts in
isomorphous to wild-type porin, irrespective of whether SDS electrophoretic mobilities, due to the conversion of trimers
was used in the purificatior®)f or not (15). The variance  into monomers%), was monitored by PAGE (12%) in SDS.
in the cell constants was1% and they were set to wild- Changes in the specific heat capacity of protein solutions
type valuesd = b = 118.5 A;c = 52.7 A) for all mutants. were determined by differential scanning calorimetry (DSC)
Structures were determined by the difference Fourier tech-on a MC-2 Scanning Calorimeter (MicroCal, Northampton,
nigue based on the wild-type moded)( For the Ryee MA 01060). Mutant porin proteins (final concentration 1.0
calculations, the same test set as for the wild-type porin wasmg/mL, i.e., 9 uM trimers) were dissolved in 25 mM
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FIGURE 2: Stereoscopic picture of the structure of L2 (yellow) with key residues from the neighboring subunit (in green). (A) D74 is H
bonded to the main-chain amide and the side-chain hydroxyl of S70. H-bonds are shown by thin lines. For clarity, the contacts of E71 with
R100 and R132 of the neighboring subunit are shown. (B) Detailed stereoscopic view of the subunit-subunit interface around E71 in
wild-type OmpF. The arginine cluster (R42, R82, and R132) that lines the channel can be seen in the upper half of the figure. E71 (yellow)
is part of an ionic H-bonded network, together with R100, D126, and R132. Intersubunit hydrogen bond distances are as follows: E710
R132Np, 2.9 A; E71Q,—R132N, 2.6 A; E71Q,—R100N,,, 3.1 A; E71Q,—R100N, 3.5 A; E7IN-D126 Qy, 2.9 A. (C) Structure of the

interface mutant R100A in the same representation as in panel B. R132 has changed its conformation and has adopted the position that is
taken by R100 in the wild-type porin. Intersubunit contacts are as follows: E#R132N,;, 4.1 A (probably no longer forming a strong
interaction); E71Q—R132N, 3.7 A; E7TIN-D168Qy,, 3.1 A. The figure was produced with DIN@GY).

phosphate (NapPbuffer (pH 7.4) containing 1% SDS. Scans 15s. Measurements of all samples were preceded by baseline
were performed at a rate of 4&/h. Slower scanning rates scans with buffer only in the sample compartment. Each
(10 °C/h, 20 °C/h) yielded same results. The values of measurement was performed three times. The excess heat
temperature and excess heat capacity were recorded evergapacity curves were analyzed by using the software Mi-
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Table 1: Trimer Thermal Stability and Thermodynamic Properties of Wild-Type and Various Loop L2 Mutants of OmpF

DSC derived values
SDS-PAGE, AHcal ASTm) AHesc) ASzsc) AGgsc)
protein T (°C) Tw? (°C) AT12(°C)  (kcal mof?)  (kcal mortK=%)  (kcal mof?) (kcal mof*K=1) (kcal mol?)
wild-type 70 (75) 72.0 3.7 430 1.2 —54 —-0.26 24
E71A 55 (60) 56.6 51 268 0.81 —57 —0.22 10
E71Q 50 (50) 47.7 4.8 201 0.63 —-32 —0.13 6.6
R100A 60 (65) 60.3 3.1 354 1.1 -9 —0.09 18
R100S 55 (60) 58.2 3.3 324 0.98 —-17 —-0.11 16
E71A/R100A 55 (60) 55.0 4.6 233 0.71 —76 —0.28 6.7
E71Q/R100S 50 (55) 49.1 4.5 173 0.54 —-75 —0.26 3.6
D74A 60 (70) 63.3 3.8 320 0.95 —74 -0.29 14
D74N 60 (70) 65.4 3.9 372 1.1 —44 —-0.21 19
AL2 (69-77) 45 (55) 43.4 9.5 131 0.41 —-58 -0.2 25

aTemperature of trimer dissociatiofig is defined as the temperature at which the monomer band on the-BRGE starts to appear. The
temperature values in parentheses indicate the temperature of complete conversion of trimers into mbiibmetsase transition as observed by
DSC is characterized by the transition temperatiirg, (the width at half-height of the transitioAT:/,), and the calorimetric enthalpy of unfolding
(AHca). AHesc), ASesc), and AGpsc) were derived as described in the Materials and Methods.

croCal-MC-2 (MicroCal, Northampton, MA 01060). The
“single 2-state transition with dissociation” model gave the
best fits (meany? = 3 x 10F) and was used throughout. The
variance in theAH.y values wast5%.

Extrapolation ofAH., to a reference temperatufewas
performed according tal{—19):

A E71Q wt
35 40 45 50 55 60 6570 75 80

7R -

Similarly, the entropy and free-energy change at the reference

temperature were obtained from the relations M-+

A%Tm) = AHcaI/Tm

ASm = ASrm + AC, In(T/T,)

RESULTS
Nine mutants in OmpF porin (Table 1) were examined to - ‘ ' ' T ]
assess the contribution of loop L2 to trimer stability. This 30t B s .
loop makes extensive polar contacts with the adjacent subunit
(Figure 1 and Figure 2). Upon oligomerization, a large =k 1
surface area (575 A Figure 1D) of each loop 2 becomes i 20[ ]
inaccessible to solvent. Mutants with substitution at position - | it
E71, R100, E71/R100, D74, and a deletion mutsc® (69— g 15| B1A 4 ]
77) yielded good expression, inserting as efficiently during  § | E71Qa ! HIE
growth as wild-type into the outer membraneEfcoli. ;& 10 ’“‘. I L -
Thermal Stability of OmpF MutantsThe temperature of [ AL, o obv g
trimer dissociation in SDS4, as analyzed by polyacrylamide > I : s i
gel electrophoresis is significantly lower in all mutants ol SR e LN S |
investigated (Table 1). The largest effect is observed for et
the variants which have a change in E71, including the 520 R T

deletion of residues 6977 in L2 (calledAL2). Replacement

of residue D74 shows only a marginal decreas&gin The Temperature (°C)

results for wild-type and mutant E71Q porin are shown in
Figure 3A. For comparison, we have also determingdf
the previously described porin mutants with substitutions in
the constriction loop L3 and the L3-barrel interfa®. All
of them exhibited essentially wild-type behavior (data not
shown), withTy between 65 and 70C.

The enthalpies of thermal unfoldindHc., were measured

Ficure 3: Analysis of thermal stability of OmpF variants. (A)
SDS-PAGE analysis of E71Q and wild-type (wt) OmpF. The
incubation temperatures are indicated at the top of the lanes. T
indicates the trimeric protein, M, the denatured monomer; (B) DSC
analysis of wild-type OmpF (wt), and mutantd 2, E71A and
E71Q. The excess heat capacities have been normalized for the
monomer concentration.

by DSC (Table 1). Figure 3B shows the excess heat capacityAL2, the observed transitions were sharp (A8g. in Table

curves for wild-type and three mutant porins. Except for

1, Figure 3B). No indication for the occurrence of inter-
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500 ' ' ' ! Table 2: Crystallographic Statistics of OmpF Mutants
mutant
— 400 1 E71A/
'76 data E71A E71Q D74A R100AR100A
£ ] resolution (A) 30 30 30 3.0 3.0
T 00 ] no. of unique reflections 7459 8612 8162 7958 8336
~ completeness (%) 85 98 92 93 95
§ [ redundancy 2.8 8.6 3.9 1.6 4.3
T° 200 [ 1‘ Rmerge(%) 100 116 82 94 9.4
< R (%) 193 201 191 20.0 20.2
Riree (%) 289 286 269 29.5 28.6
100 L ] rms deviation
L bond length (A) 0.009 0.010 0.010 0.009 0.009
bond angles (A) 0.036 0.038 0.039 0.034 0.036
o 1 ‘ l L mutantwild-type (A) 0.21  0.21 0.18 0.20 0.20
30 40 50 60 70 80

Tm[°C] Mutants R100A and E71A/R100An wild-type porin,
. . . . . R100 is forming ionic interactions with E71* (asterisks
Ficure 4: Plot of the calorimetric transition enthalpieAHca, . . . .
normalized with respect to trimer concentration) versug thei-tqr?hsition denote residues from an adjacent subunit) and D126 (Figure
temperature T, for wild-type porin (circles), mutant E71AH), 2B). In R100A, the gap left by the truncated arginine side
and E71Q (triangles). These data were obtained by variation of chain is occupied by R132, which now forms a salt-bridge
the pH in the range 5#410.4. Additional data are given in  ijth D126. The guanidinium group of R132 has moved by
Supporting Information. 6.6 A, and as a consequence, the arginine cluster in the pore
constriction, consisting of R42, R82, and R1®& 20), is
mediates during the process was seen. All data could beperturbed by a water molecule filling the void left by the
fitted very well (see Supporting Information) to g R nD guanidinium group of R132. The side chains of R42 and
model if n = 3 was chosen, implying perfect cooperativity R82 have moved slightly toward this water molecule by 0.7
among the subunits during unfolding. Rescanning the sameand 0.9 A, respectively, while the side chain of Y102 has
sample after slow cooling did not reveal refolded protein. moved away by 0.5 A (Figure 5D and Figure 2C). E71*is

The observed transition temperatur&s)(agree well with released from the ionic network. Virtually the same structure
the T4 values obtained from the SBSAGE experiments is observed for the double mutant E71A/R100A with the side

(Table 1). The enthalpies of unfoldingHca, are consider- ~ chain 71 truncated.
ably reduced for all of the mutants in comparison to wild- ~ Mutant D74A. In wild-type porin, the carboxylate of D74
type porin. The largest effect is observed for the deletion interacts with the main-chain amide and the side-chain
mutantAL2 and for mutations at position 71. Similar effects hydroxyl of S70 at the base of L2 (Figure 2A) thereby tying
are observed for the change in entropgrm. The molar ~ them together. In the mutant, this interaction is lost and the
heat capacity change upon unfolding, was obtained by  tip of the loop is less kinked (Figure 5E). Side chains 73
monitoring the pH-dependent change/iflcy and Ty, To and 74 have moved by 0.8 and 0.6 A, respectively. No water
cover a large temperature range, all the data obtained foris observed in the space left by the former aspartyl side chain
wild-type porin, E71A, and E71Q were taken into account. of residue 74.
The corresponding\Hca vVersusTy, plot (Figure 4) shows a Functional Characterization of MutantsMutants were
linear relationship and gives&C, of 10.3+ 0.5 kcal mot? characterized functionally in planar lipid bilayers (Table 3).
K~1. The good fit allowed the thermodynamic quantities to Single channel conductance values are found slightly re-
be extrapolated to room temperature (Table 1). As judged duced. lon selectivities are virtually unchanged except for
by the change in free energhGes -c), AL2 and mutants  the R100 mutants which, compared to the wild-type protein,
with replacements at position 71 are least stable, while are more cation selective. For most of the mutants, the
mutants with substitutions at position 74 or 100 are nearly critical voltage V. for channel closing was similar to the
as stable as the wild-type porin. values obtained for the wild-type proteitr 150 mV ©, 13)],
Structural Analysis. The structures of five mutants were €xcept for E71A and E71Q which showed an increasé:in

determined by X-ray analysis. Crystallographic details are to 180-200 mV.
given in Table 2. In all cases, only local yet distinct changes
in the vicinity of the replaced side chains were observed. DISCUSSION

Mutants E71A and E71QIn both mutant structures, well- The high-resolution X-ray structure of OmpF trimers
defined electron density is seen at the position occupied byshows extensive and intimate contacts among its three
the side chain of E71 in the wild-type (Figure 5, panels subunits, indicating that the three holl@abarrel structures
A—C). This density in the mutants probably represents an stabilize each other mutuall). Indeed, it was observed
anion, as is inferred from the close proximity to the two early that OmpF porin cannot be dissociated without
guanidinium groups of R100 and R132 (3.1 A each). The concomitant denaturation of the monomer above &Q5)
magnitude of the electron density and the composition of and that its stability is such that the protein is equally
the mother liquor are consistent with a Gbn. In mutant unperturbed by harsh detergents [2% SDS at neutral5pH (
E71Q, the glutamine side chain is pointing outward and is 7)], by mild detergents (e.g., octyl-POE), or by chahopic
not interacting with the arginine residues. agents (urea, guanidinium salts). Moreover, the trimers of
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Ficure 5: Crystal structures of loop L2 with interacting residues in wild-type and mutant OmpF. The refined models are superimposed
onto the F, — F. electron density maps (contoured af)1Mutated residues are encircled. (A) OmpF wild-type. (B) Mutant E71A. (C)
E71Q. The glutamine side chain of residue 71 can apparently no longer integrate into the hydrogen-bond network (with R100 and R132)
as in wild-type OmpF (see panel A and Figure 3) and has shifted its position by 3.1 A toward the viewer. The position of the former
glutamyl group is occupied by a chloride ion (as in E71A, see Panel B), with which Q71 interacts (distance—EAIN3.0 A); (D)

R100A, the mutated residue is in the background; (E) D74A with superimposed model of wild-type OmpF in purple. The figure was
produced with DINO 81).

porin do not bind SDSK). The stability facilitates crystal-  detected. In contrast, a mutation E66R in phosphoporin
lization and the ionic detergent appears unlikely to affect (corresponding to position 71 in the OmpF sequence) resulted
key ionic interactions in the crystal (see Materials and in folded PhoE monomers at room temperatug),(
Methods). Here, we show that tampering with the subunit demonstrating the drastic effect of an acidic to a basic
interfaces by replacing crucial residues results in distinctively substitution at that position.

lower temperatures of denaturation. Even at these lower The transitions to unfolded states, as monitored by DSC,
temperatures (e.g., 43 and 4& for AL2 and E71Q, yielded single, asymmetric peaks, without indications for the
respectively), folded monomers of OmpF porin were not occurrence of intermediates. The data can be fitted well to
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cal gt KL Thisis atypical value for small soluble proteins,

Table 3: Functional Properties of OmpF Mutants . ! :
while, for bacteriorhodospin, a value of 0.05 calt

_protein conductanca (nS) _ ion selectivitPnd/Pe was found 27). It should be pointed out that these data are
‘I’E"gg'pt\ype 8-2‘& 8-82 8 = ég?) i-gi 8-2 Emf ig not directly comparable, because porin denaturation was
E710 0.73 0.07 = 73) 4.8+ 0.4 (=5) meas_ured in the presence _of a detergent, while soluble
R100A 0.764+ 0.02 1= 203) 6.8+ 0.3 (n=15) proteins and bacteriorhodopsin (in purple patches) have been
R100S 0.74+ 0.02 (= 189) 57+ 0.1 (m=4) measured in aqueous environment. ChangeédHg, values
E71A/R100A  0.78t 0.02 (1= 153) 6.4+ 0.46 (n=3) observed for the OmpF mutants are similar to those
E71Q/R100S  0.740.02 = 191) 5.3+ 0.02 (n=3) : ; - .
D74A 0.82+ 0.02 (1= 116) 4.6+ 0.34 = 4) determined for loop deletion mutants of bacteriorhodopsin
D74N 0.85+ 0.03 f = 128) 5.0+ 0.6 (N=15) and for bacterio-opsin2@), as well as for the bovine opsin
AL2 (69-77) 0.76+ 0.04 fr=183) 4.440.38 (=4) (29).

an, number of single channel conductance stepsnumber of The changes in the functional properties of the mutants

different membranes measured. appear rather unimpressive at first sight. Thus, in the most

pronounced case, the conductance value is decreased by 22%.
a Ns < 3D two-state modeld2). Dissociation to an apparent  This is hardly surprising, however, since the mutations are
intermediate state, 3N, has been observed previously in theat distances of 10 and 14 A from the center of the channel
presence of SDS only at pH valug8.5 (7). Although, here lumen for E71* and R100, respectively. Also, ion selectivi-
it was not possible to refold the protein by slow cooling, the ties are not affected in most mutants includifg2 (with
measured thermodynamic quantities did not depend on scartwo acidic residues, E71 and D74 removed), with the
rates as was observed with bacteriorhodopa8). ( Taking interesting exception of those variants with substitutions at
these observations together, the unfolding transition is thusposition 100, in which a significant increase in cation
probably reversible and followed by a slow irreversible step selectivity is observed. The X-ray structure of R100A
(for a discussion, see ref2 and24). (Figure 2C and Figure 5D) yields the following explana-
Loop L2 contributes to the OmpF stability both by tion: the rearrangement of the side chain of R132 results in
enthalpic and entropic changes, as seen by the reduction irthe loss of one residue in the cluster of basic groups at the
AHg and AY(T,) in the various mutants. Extrapolation of channel lining 8). The effect for the mutant R100S is less
these values to room temperature, and calculation of thepronounced, probably because the S100 side chain does not
change in free energyGgzs «c), shows that, in agreement allow a perfect fit of R132 into its new position. The
with expectations, wild-type porin is most stable, while the increase in cation selectivity is comparable to that seen with
deletion mutanAL2 is more labile, followed by the stabilities  single arginine mutations in the constriction sifi3,(30),
of the single and double mutants involving E71. Interest- whithout being accompanied by a change in voltage sensitiv-
ingly, the mutant E71Q is less stable if compared to E71A. ity. Conversely, substitutions of E71 are silent with respect
We suggest that the glutaminyl side chain in mutant E71Q to ion selectivity, yet they do show significant increase of
does not find a suitable partner (see the legend to Figurethe critical voltage for channel closing. These observations
5C) and therefore adopts an energeticaly less favorablesuggests that certain charged residues which are not situated
position. The replacement of the other partner in the at the constriction site may have an indirect effect on the
intersubunit salt-bridge, R100, has a less pronounced effectfunctional properties of the channels.
This is explained by the observation that R132 swings into  In conclusion, it appears that the latching loop 2 has a
the vacated space. Thus, an ionic interaction with E71 is significant impact on the stability of the trimeric porin. As
reestablished (Figure 2C), although H bonds are absent andhe constituents of loop 2 interacting with the residues of
the distance is larger (4.8 A). In line with the minor the adjacent subunit are separated from the main channel
structural differences observed (Figure 5E) the thermal lumen, replacements of ionizable groups have an impact only
stability of the D74 mutants is little affected. if the mutations affect the hydrogen-bonding system that
Compared to loop L2, the constriction loop L3 appears to serves as relay to the channel lumen, as this perturbs the
play a less significant role for the structural integrity of porin. rather rigid arrangement of the three arginyl groups exposed
The investigated L3 mutants of the OmpF porin, including to the channel.
a deletion mutant lacking five residues, showed thermal
stability very similar to that of the wild-type porin. In ACKNOWLEDGMENT

OmpC-porin, a structural homologue of the OmpF porin, @  \ye thank Mr. P. Ganz, Department of Biophysical

deletion of eight residues in loop 3 caused a reduction0f  chemistry, Biozentrum, for assistance with the DSC experi-
by 16°C, as measured by DSQ5). This value is small if ments.

compared to the temperature shift obtained for muerf2.

In contrast to soluble proteins, few experimental studies SUPPORTING INFORMATION AVAILABLE
have been reported on the thermodynamics of membrane o o
protein stability which are often complicated by the irrevers- ~ Détérmination of AC, by monitoring pH dependent
ible nature of the transition2g). The specific enthalphic ~ changes in théHc, andTr, for wild-type, E71A, and E71Q
change of wild-type OmpF at the transition temperature is Mutants of OmpF are presented together with two figures
AH = 4.0 cal g*. This is considerably less than observed and one table (6 pages). Ordering information is given on
for soluble proteins such as lysozymeH = 10.0 cal g?), any current masthead page.
but it is of the same order than that obtained for the
membrane protein bacteriorhodopsi®), The specific heat REFERENCES
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