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ABSTRACT: In this study, we were concerned with the structural role of the surface-exposed extracellular
loops of the N-terminal transmembrane (TM) domain of OmpA. A variant of the TM domain of outer
membrane protein A (OmpA) with all four such loops shortened, which we calBtbharrel platform

(BBP), was successfully refolded. This indicates that the removed parts of the surface-exposed loops
indeed do not contain amino acid sequences critical for this membrane protein’s refolding in vitro. BBP
has the potential to be used as a tempjatearrel membrane protein structure for the development of
novel functions, although our results also highlight the potential difficulties that can arise when functionality
is being engineered into the loop regions of membrane proteins. We have used solution nuclear magnetic
resonance spectroscopy to determine the global fold of-BBIP, BBP with a metal ion-binding EF-hand
inserted in one of the shortened loops. BBP and BBF in dihexanoylphosphatidylcholine micelles are
eight-stranded antiparallgtbarrels, and BBP represents the smalfestructured integral membrane protein
known to date.

Outer membrane protein A (OmpAis one of the major  in an earlier study (for details, see réfand references
outer membrane proteins &scherichia coli(for a review, therein). The smallest variant among these has all four
see refl). OmpA is composed of two domains: an surface-exposed loops shortened and is termed Qxhh234.
N-terminal transmembrane (TM) domain and a C-terminal If, like the TM domain of OmpA, this variant adopts a
periplasmic domain?). The three-dimensional (3D) structure S-barrel structure, it would be the smalleStstructured
of the TM domain has been determined by X-ray crystal- integral membrane protein known to date, and this is, in fact,
lography @, 4) as well as by nuclear magnetic resonance one of the reasons for our choice of OmMpIAL234 as the
(NMR) spectroscopyH). This domain is composed of eight model protein for the development of new NMR methods
antiparallel 5-strands connected by four relatively large for studies of membrane proteins in solution. The plasmid
surface-exposed extracellular loops and three short periplasholding the gene for OmpAL1234 was constructed in such
mic turns which form g3-barrel. a way that each shortened surface loop contains unique and

To study the structural and functional roles of the surface- compatible restriction endonuclease recognition sites in the
exposed loops of the N-terminal TM domain of OmpA, they same reading frameg). In principle, this arrangement of
were shortened separately and in all possible combinationsthe restriction sites allows the insertion of arbitrary sequences
of amino acids, although it should be noted that, in reality,
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variety of different loop structures into the shortened surface- which has recently been used with success is alignment in
exposed loops of OmpAL1234 in combination with its polyacrylamide gels2al, 22).

small size has led us to refer to it as {Barrel platform Therefore, after successfully having refolded BBP, we

(BBP)? decided to insert a 12-amino acid sequence corresponding
The motivation for the NMR studies of BBP described in to loop Il of calmodulin fromXenopus lagis, i.e., a so-

this paper is to see if BBP indeed does adogi-barrel called EF-hand loop, into BBP (the resulting construct will

structure very similar to the wild-type protein and if the henceforth be denoted BBFEF). As in similar studies2g,
removed parts of the loops contain amino acid sequences24), this insert had to be subsequently adjusted to endow
that are critical for the folding of this integral membrane some structural flexibility to facilitate higher-affinity metal
protein in vitro. In addition, we expect that BBP may be ion binding. In its natural context, this loop strongly binds
useful as a TMp-barrel scaffold onto which different to calcium @5), and it has been shown that in calmodulin,
functionalities can relatively easily be grafted. The resulting calcium can be replaced with lanthanide@§)( The values
artificial integral membrane proteins may have several for binding of terbium (TB") and lanthanum (L) to loop
interesting applications (for a review, see 8fFinally, we [l of calmodulin have been shown to be 206 and 40+
believe that BBP is an excellent model protein for the 7 uM, respectively 27). Insertion of lanthanide binding sites,
development of new NMR methods for studies of membrane such as in BBR-EF, can be used as a general method for
proteins in solution. achieving alignment to enable measurement of RDCs and

Membrane proteins are difficult to study by NMR because thereby obtain higher-resolution NMR structures of mem-
of their slow rotation in solution, resulting in broad lines in brane proteins. An EF-hand loop has previously been added
the spectrum. Of the 111 unique entries in the datd@bafse  to the N-terminus of Vpu, an 81-residue membrane-associ-
membrane proteins of known 3D structure (maintained by ated protein, for the purpose of measuring RD@8),(but
S. White at the University of California, Irvine, CA), only  to our knowledge, EF-hand loops have not previously been
four entries are the result of NMR investigations. Three of inserted into an integral membrane protein.
these argg-barrel membrane proteins,(9, 10), and one is
a four-helix bundle membrane-integrating proteiri)( In MATERIALS AND METHODS

agdmon to_suffermg ffom .broad lines, the chem|cgl shift Construction of the BBP Gend&.o produce the BBP
dispersion is generally limited for membrane proteins due . X ; . ; X
protein at a high level intracellularly in the form of inclusion

to excl_usivelya—helical Qrﬁ—strandgd secondar_y structure. bodies, a variant of thempAAL1234 gene was constructed
:sein nlr:eﬁ?ssefsr omhmifgrrlsl y'?_?_sslgcl?_ t(;nc(;bltsell\laatgzcl:ggone without the region encoding the signal peptide for secretion
9 ' ' (6). Upon a polymerase chain reaction (PCR) using the

proteins, this labeling makes it effectively impossible to ) .
obtain enough long-range nuclear Overhauser effects (NOES)ompAAL1234 plasmid §) as template DNA and two primers

to determine the tertiary fold of the protein to high precision containing anNde and aBanHl restriction site (forward
(5, 9, 10), as will be further exemplified in this study. PrMer S-GGCATCCCAT ATG CCG AAA GAT AAC

Consequently, membrane proteins reconstituted into micellesACC TGG TAC ACT GGT GC; reverse primer, 5
quenty, P . '“"CGGGATCC TCA AGC TGC CTC GCC CTG ACC GAA
(e.g., BBP) and other large complexes (with deuterated amino . .
20 . . ACG G), respectively, the product was cloned into pET-3b
acid side chains) call for complementary techniques of ; } .
o , (Novagen) which was transformed ino coli BL21-Gold-
structure determination by NMR, which preferably do not )
. (DE3) (Strategene). The sequence was confirmed by DNA
rely on the conventionally used NOE effect. . . . L
i i . sequencing. A matrix-assisted laser desorption ionization
Measurement of residual dipolar couplings (RDCs) has (AL DI) mass spectrum of the expressed protein showed a
already established itself as a significant auxiliary source of glecular mass of 15 681 Da, which is within reasonable

structural constraints (for a review, see . To enable 5046 of the theoretical average mass of 15 673.6 Da (with
measurement of RDCs, weak alignment in the samples hase 'N-terminal Met removed: see Figure 1A).

to be induced. Unfortunately, hydrophobic membrane pro-
teins and their associated lipids interact with and disrupt the
most commonly employed orienting agents, including bi-
celles (L3), filamentous bacteriophageb4 15), and purple
membrane fragmentsl§, 17). However, the binding of
lanthanides to metal ion binding motifs in proteins also has
the potential to weakly align proteins in strong magnetic
fields (18), but one cannot rely on the proteins under study
to contain natural metal ion binding motifs to be exploited
for saturation with lanthanide iond9). A complementary
strategy would therefore be to introduce such a metal ion
binding motif using standard microbiology techniqu2s)(
Such a construct is depicted in Figure 1B. Another strategy

Engineering of a Metal lon-Binding EF-Hand Loop to
BBP.The calcium-binding EF-hand loop 1l from calmodulin
(DKDGNGYISAAE) was amplified from a plasmid contain-
ing the calmodulin gene of. laevis. The two primers used
for PCR contained &Speé and an Nhd restriction site
(forward primer, 5GG ACT AGT GAC AAG GAT GGC;
reverse primer, SCTA GCT AGC TTC AGC AGC ACT
G). The amplified product was inserted immpAAL1234
by means of theSpe restriction site corresponding to the
third shortened surface-exposed loop of the protein. The
resulting BBP-EF construct contained 14 additional amino
acids (DKDGNGYISAAEAS), 12 (underlined) from the EF-
hand loop Ill ofX. laevis calmodulin and two for th&lhd —
Spé ligation (AS). The sequence was confirmed by DNA
2BBP contains five additional residues in the C-terminus, and the sequencing. Yet another construct, which we call BBP

starting residues are Pro and Lys instead of Ala, Pro, and Lys (as in ; i ; ;
the OMpAAL1234 construct). EF-2G, was prepared in a similar way, but with an insert

3 http://blanco.biomol.uci.edu/Membrane_Proteins_xtal.html, updated cOntaining two flanking Gly res_id_ues (1.6GDKDGNGY-
June 8, 2006. ISAAEGAS) to improve TB* affinity.
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Ficure 1: Schematic models of variants of TM OmpA domains. Adbarrel residues [as defined by the NMR structure of the TM domain

of OmpA (5)] are represented by squares. The numbering of amino acid residues follows that of the TM domain of3pthpdughout

the paper (except in Figure 5). (A) BBP is a mutant of the TM domain of OmpA. Residues that are present in the wild-type TM domain
of OmpA (but not in BBP) are colored yellow, whereas residues that are present in BBP (but not in the TM domain of OmpA) are colored
red. In essence, the four surface-exposed extracellular loops of the TM domain of OmpA (colored yellow) have been replaced with Ser-
Arg, Arg, Ser, and Ala-Ser (colored red) residues in BBP. There are also slight modifications in two periplasmic turns. 1le87 (yellow) in
the second turn is replaced with a Lys-Leu-Gly sequence (red), and the Arg-Arg-Arg-lle peptide (red) is inserted between lle131 and
Thr132 in the third turn. In addition, the Ala (yellow) at position 130 is changed to a Val (red). Finally, the N-terminal amino acid sequence
in the TM domain of OmpA is Ala-Pro-Lys, but in the clone, we used in this study, the N-terminal sequence is (Met)-Pro-Lys. Finally, an
extra GIn-Gly-Glu-Ala-Ala sequence is present at the C-terminus (but not in the original @h##84 construct). (B) BBPEF is the

same as BBP described in panel A except that a 12-amino acid residue segment (colored blue) corresponding to loop Il of calmodulin from
X. laevis (i.e., a so-called EF-hand loop) has been inserted into BBP and two residues, Ala and Ser (colored green), were added for the
Nhd —Spé ligation. The meaning of the purple coloring is explained in the legend of Figure 6.

Overexpression and Isolation from Inclusion Bodi€he times the wet weight (in grams) of the pellet, shaken at 37
plasmid holding the gene of interest was transformed into °C for 20 min, and thereafter centrifuged for 30 min at 4300
E. coliBL21-Gold(DE3)pLysS competent cells (Stratagene). and 4°C. The pellet was resuspended in 30 mL of TE buffer
The freshly transformed cells were grown in LB medium (pH 8), shaken fol h at 37°C, and then centrifuged for 30
overnight. This culture was inoculated into M9 minimal min at 430@ and 4°C. The pellet was resuspended in a
medium (1:100) with>N-labeled ammonium chloride (1 g/L, minimal amount 66 M guanidine hydrochloride (Gdn-HCI)
>99% 15N) and glucose (2 g/L>98% 3Cs-D-labeled in in TE buffer (pH 6), shaken for at le@& h at 37°C, and
some cases). In addition, the medium contained 10% centrifuged for 20 min at 478@J0and 4 °C, and the
correspondingly labeled Celtone complete medium as well supernatant was collected. The purity was checked using
as vitamins and trace elements. All isotopically labeled SDS-PAGE. For specifi¢®N labeling, the plasmid contain-
compounds were from Spectra Stable Isotopes. For preparaing BBP+EF was transformed into the transaminase knock-
tion of deuterated samples, 99,0 was used as the solvent out strainE. coli D39(DE3). The protein was expressed in
instead of HO with a two-step adaptation of the growing unlabeled medium (vide supra) containing 75 mg?-
cultures in 5096H,0/H,O LB medium and 100%H,0 LB labeled Leu £98% N, Spectra Stable Isotopes). The
medium. All cultures were grown at 3T and contained labeled amino acid was added immediately prior to the
100 ug/mL ampicillin and 10ug/mL chloramphenicol. induction @8).

Protein expression was induced with 1 mM isoprofiyb- Refolding of BBPRefolding of BBP required screening
thiogalactopyranoside (IPTG) at an @pof 0.3—0.4, and of a large space of refolding conditions, and therefore, a
cells were harvested by centrifugation when cell growth fractional factorial approact2) was used to identify suitable
reached its stationary phase. The protein was expressed inmefolding conditions for BBP. In brief, eight factors with two
inclusion bodies. The pellet was frozen, then thawed on ice, levels for each factor were combined into a 16-condition
and resuspended in 20 mM Tris-HCl and 5 mM EDTA (TE fractional factorial screen3Q, 31). We considered the
buffer) (pH 8) with a volume (in mL) corresponding to 3 following eight factors: pH (MES at pH 6 or HEPES at pH
times the wet weight (in grams) of the pellet. To lyse the 7), detergentr-octyl polyoxyethylene (octyl-POE) (Bachem)
cells, the resuspended pellet was sonicated fer3Dmin or dihexanoylphosphatidylcholine (DHPC) (Avanti Polar
on crushed ice and then centrifuged foh at430Qy and 4 Lipids)], and the presence or absence of divalent cations,

°C. The white inclusion body pellet was collected and
resuspended in TE buffer (pH 8) containing 2% Triton X-100
with a volume (in milliliters) again corresponding te3

glycerol, Gdn-HCI, nondetergent sulfobetair8?)( L-argi-
nine, and ammonium sulfate. The protein sample to be
refolded was diluted to 0.4 mM (estimated by the absorbance
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at 278 nm) in 6 M Gdn-HCI and TE buffer (pH 6). One
volume of the denatured protein solution was slowly diluted
into 7 volumes of the refolding buffer at room temperature
while the mixture was stirred vigorously, resulting in 8
volumes of the following solution: 0.1 M MES buffer (pH
6) in the presence of 2.4%-63 mM) DHPC [critical micelle
concentration (cmcF 14 mM (33)], 1.0 M Gdn-HCI, 0.5

measured with and without ¥h, recorded with 1024 points

in the direct'H dimension and 300 points in the indirect
15N dimension with 64 scans at 900 MHz, using the TROSY
and anti-TROSY component (ST2-PT elements) along the
nitrogen dimension39). The coupling was assessed in the
indirect nitrogen dimension, because the line width in the
proton dimension was more affected by the paramagnetic
M ammonium sulfate, 0.4 M glycerol, 0.35 Marginine, ions. NMR data were processed using either PRO&3 (
0.1 M NaCl, and 5 mM EDTA. The solution was then stirred or XWIN-NMR (Bruker) and analyzed using CARALL,
overnight, concentrated, and dialyzed four times against 142). The'H chemical shifts were referenced to 2,2-dimethyl-
L of 20 mM MES buffer (pH 6) and 0.02% sodium azide 2-silapentane-5-sulfonate sodium salt (DS&3)( The 13C
using a 3 mLSlide-A-Lyzer 3.5 kDa cutoff dialysis cassette and*>N chemical shifts were referenced indirectly using the
(Pierce) at room temperature, and the level of DHPC was 3C/*H and*N/*H gyromagnetic ratios4{).

maintained at 2.4% by addition of detergent into the dialysis  Collection of Conformational Restraint€onformational
cassette. The protein sample was then concentrated t0 &gnstrains were obtained from a 3BN-resolvedH—1H
volume of 40QuL (same buffer but including 5%H,0) and  NOESY spectrum recorded at 900 MHz. Upper distance
subsequently transferred to a NMR tube (Shigemi); 10 kDa |imits corresponding to characteristic long-rarig—HN
centrifugal filter devices (Millipore) were used for all NOEs betweers-strands were set to 3.6 A4%). For all
concentrations. For the refolding trials, unifornfiyl- and remaining types of NOEs, upper distance limits were
*N-labeled BBP was used, and the outcomes of the trials conservatively set to 5 A. Backbone torsion angle constraints
were judged by the quality of obtained transverse relaxation- (¢ and ¢) were obtained using TALOSA6) and the'*Ce,
optimized spectroscopy (TROSY) spectra on a 600 MHz 13cs 13C'| and!SN chemical shifts when all 10 best matches
spectrometer equipped with a cryoprobe. A similar protocol agreed for a prediction. Prior to using TALOS, the chemical

was used for all BBP variants.

NMR SpectroscopNMR spectra, including two-dimen-
sional (2D)**N—'H (34) and 3D**N—'H TROSY-HNCA
(35) spectra, of BBP were acquired at 3G on a Bruker
Avance 600 MHz spectrometer equipped with a cryogenic
Z-gradient TXI probe. NMR spectra, including 2EN—1H
TROSY and 3D*™N—'H TROSY-HNCA, 3D *N—H
TROSY-HN(CO)CA 86), 3D >N—'H TROSY-HNCO 85),
3D ™N—!H TROSY-HN(CA)CO @6), and 3D >*N—1H
TROSY-HNCACB @6) spectra and one 3tH—'H NOESY-
IN—1H HSQC @7) spectrum with a mixing time of 100
ms, of BBP+EF were acquired at 37C on the same 600
MHz spectrometer, and one 3tH—H NOESY+N—1H
HSQC (as a sum of two spectra with mixing times of 80

shifts of BBP+EF were adjusted to be referenced to TSP
for the 13C atoms and to liquid ammonia for tAeN atoms.
The chemical shifts of th&*C®, 13C#, and!®N atoms were
also modified to account for deuterium isotope effedd.(

To enable comparisons with other recently calculated
structures of membrane proteins [and that of Tamm and co-
workers 6) in particular], hydrogen bond restraints were
added to those residues which were identified as being part
of the g-barrel (see Results and Discussion). Each such
hydrogen bond was represented by two distance upper limits;
the N—O distance was restrained to be in the range of-2.7
3.0 A, and the'HN—0 distance was restrained to be in the
range of 1.8-2.0 A.

Global Fold Determination of BBIPEF. Structure calcu-

and 160 ms, respectively) spectrum was acquired using 8jatons were performed with CYANA4E) (version 1.0). A

Bruker Avance 900 MHz spectrometer equipped with a
cryogenic Z-gradient TXI probe at 3C. The sizes of the
NMR spectra were typically 1024 complex points in the
direct*H dimension and 4680 and 46-128 complex points

in the 13C and®®N dimensions, respectively. All 3D spectra

were recorded with eight scans. Relaxation experiments with

BBP+EF were conducted at 3T on the 600 MHz Bruker

total of 160 conformers were calculated with CYANA
according to a protocol such that each random starting
structure was subjected to 20 000 steps of torsion angle
dynamics (4000 steps of heating followed by 16 000 steps
of annealing) followed by 1000 steps of conjugate gradient
minimization. As in other protocols for calculating structures
of membrane proteins, a small but representative subset of

spectrometer using standard TROSY-based pulse sequences,cjated structures was selected and each structure in this

(38). The relaxation delays were 20, 70, 150, 300, 500, 900
1100, 1500, 1700, and 2000 ms for the longitudinal relaxation
rate constantR;) measurements and 0.5, 2, 5, 8, 11, 14, 16

' subset was subjected to additional geometry refinement. In

our case, the 20 structures having the lowest target function

' values were selected and subjected to 6000 steps of Polak

18, 22, 30, 50, and 70 ms for transverse relaxation rate Ribiere (49) conjugate gradient energy minimization in

constant R;) measurements. Estimates Rf and R, were

vacuo, using Gromacs version 3.3.50( 51) and the

determined by nonlinear least-squares fitting of two- GROMOS96 43b1 force fields@). Finally, the 10 structures

parameter monoexponential functions to the measured peak,

intensities. The steady staféi—>N NOE values were
determined from the ratio of two different types of spectra,
one with proton presaturationrf@ s and one without proton
presaturation. Measurements of the lanthanide affinity of
BBP+EF (1 mM) and BBR-EF+2G (0.6 mM) were
performed by titration, using solutions of 0.5, 1.5, 3, and 5
mM TbCl; while recording 2D'*N—'H TROSY spectra at
37 °C on the 900 MHz Bruker spectrometer. RDCs were
determined from TROSY and®N-anti-TROSY spectra,

ith the lowest energy were selected to represent the NMR-
derived global fold of BBR-EF in DHPC micelles.

RESULTS AND DISCUSSION

Refolding of BBPFollowing the detailed description in
Materials and Methods, BBP was overexpressef.iooli,
isolated from inclusion bodies, and refolded into micelles.
While overexpression i&. coliand isolation from inclusion
bodies essentially followed standard procedures, the refolding
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Ficure 2: 2D N—1H TROSY spectrum of 1 mM uniformlyH-, 13C-, and'>N-labeled (A) BBP-EF and (B) BBP in DHPC micelles
acquired at 600 MHz and 37C.

success was strongly dependent on the use of variousmembrane assembly of circularly permuted variants of
additives and beneficial refolding procedures. Our initial OmpA has been observes).

attempts to refold BBP by directly using the previously  Engineering of a Metal lon-Binding EF-Hand Loop to
published refolding protocob@) resulted in solubilized but  BBP. The successful refolding of BBP in vitro and the
unfolded protein. Motivated by the need for a rapid and feasibility of preparing isotope-labeled samples suitable for
statistically meaningful method for evaluating and determin- NMR investigations encouraged us to engineer a metal ion-
ing refolding conditions, we used a simplified version of a binding EF-hand loop into BBP to obtain an artificial
fractional factorial protein folding screer8@ 31). The membrane protein with a high affinity for paramagnetic ions,
outcome of the refolding trials were judged by the quality such as lanthanides. As discussed previously, binding of
of obtained TROSY spectra on a 600 MHz spectrometer lanthanides to metal ion binding sites, such as EF-hand loops,
equipped with a cryoprobe. Because the concentration of eachhas the potential to weakly align proteins in strong magnetic
sample was low, the use of a cryoprobe was essential forfields. This weak alignment may enable the measurement
making judgments in reasonable time. By this, we have of RDCs and, thereby, provide additional structural con-
established conditions to refold BBP with an acceptable yield straints. The resulting BBPEF construct contained 14
and such that peaks are well-dispersed in spe@#n A additional amino acids (DKDGNGYISAAEAS), 12 (under-
2D >N—1H TROSY spectrum ofH-, *3C-, and'>N-labeled lined) from EF-hand loop Il ofX. laevis calmodulin and
BBP in DHPC micelles at 37C, prepared as just described, two for theNhd —Spé ligation (AS). Fran 1 L of uniformly

is shown in Figure 2B and displays the large signal dispersionlabeled ¢H, '3C, and **N) medium, 400uL of 1 mM
typical of a f-structured protein. This indicates that the BBP-+EF could be obtained. The purity of the NMR sample
removed parts of the surface-exposed loops indeed do notwas estimated to be approximately 95% as judged by-SDS
contain amino acid sequences critical for this membrane PAGE. This sample was used for all measurements on
protein’s refolding in vitro. Previously, it has been shown BBP+EF. The 2D*N—'H TROSY spectrum of uniformly
that the periplasmic turns also do not contain amino acid 2H, 13C, and**N-labeled BBP-EF also displayed the large
sequences that are critical for this protein’s folding in vivo signal dispersion typical of #-structured protein (Figure
(7, 54). Consequently, the fold, as described for the first time 2A) and thereby confirmed that the insertion of the EF-hand
in this paper [previously only the topology of the protein in loop into the third shortened surface-exposed loop of BBP
the outer membrane d@&. coli in vivo was established6f does not prevent BBPEF from refolding in vitro in a

by comparative proteolytic digestion], adopted by this protein manner similar to that of BBP, again demonstrating that the
in vitro seems to be entirely determined by amino acid surface-exposed loops of the TM domain of OmpA are not
sequences in its TM regions. However, it is noteworthy that required for proper folding. The spectra of BBP are
an influence of the periplasmic turns on the thermal stability consistently lower in quality than those of BBEF, as

of the OmpA TM domain ) as well as on the efficiency of  exemplified in Figure 2. We attribute this to enhanced
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Ficure 3: Strips from a 3D HNCA spectrum. The strips shown correspond to residues-TyrgB7 in the thirdg-strand and were
extracted from the spectrum at th&\ chemical shifts of each residue (indicated at the top of the each strip together with the sequence
specific assignment). Vertical lines connect the cross-peaks corresponding to the sequentially preceding and the intf@residaasaidue

i, and the horizontal arrows point from the sequerifi@l cross-peak of residueo the intraresidual®C* cross-peak of residuie— 1. The
spectrum was recorded at 600 MHz and°&%

conformational exchange line broadening in BBP compared (residues 416, 2746, 56-65, 70-84, 87103, 106-115,

to BBP+EF. It may be that the insertion of the EF-hand 124-132, and 141156 were assigned), the 38N-resolved

loop into BBP releases structural tension possibly introduced *H—'H NOESY spectrum was analyzed and, in addition to
by shortening the surface-exposed loops of the TM domain other purposes, served as a further validation of the sequence
of OmpA. specific assignment.

Sequence Specific Backbone Assignment ofBP The The majority of the assigned residues are located in the
sequence specific backbone assignment of BBP was TM g-strands. The residues residing in the shortened surface-
obtained by a combination of TROSY-type triple-resonance exposed loops or in the slightly augmented (see Figure 1A
experiments: 3DN—'H TROSY-HNCA, 3D *N—!H for details) periplasmic turns have, for the most part, not

TROSY-HN(CO)CA, 3D**N—H TROSY-HNCO, 3D'*N— been able to be assigned due to line broadening effects with
H TROSY-HN(CA)CO, and 3D°N—'H TROSY-HNCACB  the difficulties being relatively greater in the shortened
spectra of uniformly’H-, **C-, and**N-labeled BBP-EF. surface-exposed loops. Similar assignment problems for the

The assignment of Leu residues was corroborated by surface-exposed loops of the TM domain of OmpA were
preparing a sample with only Leu residues labeled With encountered in both dodecylphosphocholine (DFS})aad
Figure 3 shows strips from a 3D HNCA experiment DHPC (G6) micelles. In the case presented here, more than
corresponding to residues Tyr48rp57 in the third3-strand 70% of all residues were assigned, which is on par with the
(Figure 1B). For all assigned residues, both the cross-peaksassignments of the TM domain of OmpA by the groups of
corresponding to the sequentially preceding and the in- Tamm (76%) §) and Withrich (80%) £6). In both the
traresidual 13C* could be identified (in the 3D HNCA  mentioned studies of the TM domain of OmpA, the unas-
spectrum) and distinguished between [in some cases usingsigned residues form a ring around Pwbdarrel between the
a 3D HN(CO)CA spectrum, which was of considerably lower core of the barrel and the surface-exposed extracellular loops.
guality]. For some residues, the cross-peak correspondinglt has been argued that this may be because the corresponding
to the sequentially precedingC? is missing, but sequence peaks are broadened beyond detection due to conformational
specific assignment reliability was nonetheless possible to exchange processes. It has also been suggested that this
ensure by analysis of 3D HNCO and 3D HN(CA)CO spectra. phenomenon is a characteristic of the TM domain of OmpA,
Finally, when the sequence specific assignment was finishedrather than the detergent, as similar behavior was seen for
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Ficure 4: 2D >N—!H TROSY spectra of a 0.3 mM Leu-selecti#®\-labeled BBP-EF sample, recorded at three different temperatures:

(A) 30, (B) 37, and (C) 42C. The sequence specific assignments of the eight assigned leucines are given in the spectrum of the lowest
temperature in which they are distinctly observed. The peaks in the middle are not assigned to the protein sequence and most probably stem
from contaminating material or unfolded protein since their spectral intensity strongly depends on the sample preparation. The spectra were
recorded at 600 MHz.

the TM domain of OmpA in both DPC and DHPC micelles. was based on the®Gind @ chemical shifts of the assigned
The effects of conformational exchange-induced line broad- residues and the corresponding random coil shifts. As shown
ening strongly depend on the temperature at which measurepreviously for soluble proteins, unbroken sequences of
ments are conducted. At elevated temperatures, the exchangregative values ofAC* — AC’ indicate -strand regions
rates can be enhanced, resulting in detection of more andwhereas positive values indicatehelical regions%7). Thus
more of the expected Leu resonances in the specifi¢lly far, however, there are not many cases in whithchemical
labeled Leu sample (Figure 4). shifts have been used, directly or indirectly, to identify
It should be noted that sometimes the choice of detergentsecondary structure elements for integral membrane proteins
significantly affects which residues in the loop regions can (5,9, 10). For each pair of neighboringrstrands, a sufficient
be assigned. This is clearly illustrated by PagP in DPC number of interstranéHN—HN NOEs could be assigned in
micelles for which many residues in the extracellular surface- a 3D **N-resolved'H—H NOESY spectrum recorded on a
exposed loops are not assigned, whereas for Pagf®atyl 900 MHz spectrometer at 37C to establish the relative
p-glucoside B-OG) micelles, only two of these are not orientation of thes-strands (exemplified in Figure 6). The
assigned. On the other hand, }*OG micelles a few  resulting relative orientation gf-strands agrees with the
periplasmic residues are not assigned, which can be assigne®dMR structure of the TM domain of Omp/A5). BBP+EF
in DPC micelles 10). adopts a meander topology; it is twisted to form an
In the case presented here, we also had some problem@.ntipal’al|e| closed eight-strandgebarrel, in which the last
assigning the periplasmic turns. In fact, only the first S-strand is hydrogen bonded to the first. All strands are tilted
periplasmic turn which is like that of the wild type has been relative to the membrane normal, and the shear nunir (
able to be assigned completely. The two other periplasmic of the-barrel of BBP-EF is+10. The assignment 6HN—
turns which had to be extended by two and four residues *H" NOEs served as an independent verification of the
for cloning purposes could not be assigned completely.  sequence specific assignment determined earlier by analysis
The specifically!®N-labeled Leu sample (Figure 4) was Of the 3D **N—*'H TROSY-type triple-resonance experi-
used to verify the obtained assignment. We have to note thatments.
spectrum quality was a strong function of temperature, Collection of Conformational Restraint®ue to overall
featuring a different appearance of resonances stemming frombetter quality and more homogeneous appearance of NMR
Leu situated in different positions in the protein scaffold. spectra obtained with the BBFEF construct, we decided
This experiment can be used to illustrate the major problemto continue structural studies with only this protein. By
encountered in the process of resonance assignment otomparing the chemical shifts of BBP and BBEF (data
membrane proteins, namely, heterogeneity of the proteinnot shown), one can confidently assign all structural features
conformation on the time scale of chemical shifts, which of BBP+EF to BBP. For BBR-EF in total, only 27
appears to be a common feature of all studied membranecharacteristic interstrantHiN—'HN NOEs have been able to
proteins. be assigned (unambiguously), clearly demonstrating the need
Secondary Structure Identification of BBEF. The for other forms of structural constraints which do not rely
chemical shift index (CSI) analysis (Figure 5) and the on the NOE effect for integral membrane proteins with
identification of key interstrandHN—'HN NOEs clearly uniform side chain deuteration. Eleven additional interstrand
indicate the presence of eighitstrands. The CSI analysis and stranetloop NOEs could also be found. Of course, also
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residuei is the arithmetic average over the three consecutive resitues, i, andi + 1. 3-Strands31—/8 are indicated at the top of each
B-strand. The EF-hand loop inserted betwg#nand6 is also indicated. Regions with negative valuesAéIC* — A3C# indicate the
presence of-strands. Note that the numbering of the residues in this figure follows theHBEBPsequence, not the sequence of the TM
domain of OmpA.
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Ficure 6: Strips from a 30"°N-resolved'H—H NOESY spectrum. The strips were extracted from the spectrum atNhehemical shifts

of each residue (indicated at the top of the each strip together with the sequence specific assignment). One pair of strips is shown for each
pair of adjacenps-strands (the residues shown are colored purple in Figure 1B). Horizontal arrows point from longH&rgelN NOE
cross-peaks (betweghstrands) to intraresidudHN—HN NOE cross-peaks. The spectrum was recorded at 900 MHz afg.37

sequentialtHN—'HN NOEs were possible to identify. How- TALOS calculations resulted in averageand¢ angles and
ever, they do not significantly constrain the structure and corresponding error ranges (typically-280°) for 62 resi-
were therefore only used as a consistency check of thedues.
assignment. To make comparisons against othbarrel membrane

To obtain additional structural restraints, tH€*, 13C?, protein structuresy; 9, 10) feasible and meaningful, 128
13C', and®N chemical shifts were analyzed with TALOS upper and 128 lower distance bounds corresponding to 64
(46) to yield a collection of dihedral angle constraints. The hydrogen bonds (identified as in r&) were used in the
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Ficure7: RDCdistribution (from 27 couplings) forthe BBEEF-2G
sample at 900 MHz and 37C. Alignment was achieved with 3
mM Th3*.

structure calculations.

From the limited number of long-rangeiN—HN NOEs
in this case, it is clear that constraints other than the classical
NOE-derived distance constraints are essential for high-
precision structure determination of integral membrane
proteins with uniform side chain deuteration. This need for
additional constraints is even more compellingdehelical

integral membrane proteins, since for these one cannot expec

very many long-rangeHN—'HN NOEs. This is clearly
illustrated by the four-helix bundle protein Misti¢ 1), for
which site-directed spin-labels were utilized to produce

Johansson et al.

studies. A significantly better affinityqy ~ 1 mM) for Th*"

ions was observed for the insert containing two flanking Gly
residues, BBREF2G, which we used for our RDC
measurements. The resulting affinity is still 2 orders of
magnitude lower than that observed for the EF-hand loop in
its native structural context. Several factors might contribute
to the reduced affinity, such as a slightly different dynami-
cally averaged geometry of the fusion points in BBP
compared to calmodulin or the significant mobility of the
structural context where we fused the loop. It is also very
likely that the EF-hand loop does not have enough flexibility
to fold into the conformation with the highest affinity for
metal ions. For example, careful adjustment of the linker
sequences between a host protein and an inserted loop was
needed to optimize the metal bindning affinity of the
engineered EF-hand loop into another scaffold prot28). (
Due to the relatively low affinity of divalent cations of the
La series, high concentrations of the paramagnetic ions are
needed to induce a detectable degree of protein alignment
even at 900 MHz of the static magnetic field. At this high
concentration, nonspecific binding of metal ions to the
protein results in uniform line broadening of many reso-
nances, degrading the precision and number of RDCs
|amenable to structure refinement. This precludes the effective
use of RDCs for statistically significant structure refinement
in our case. However, the histogram of the measured RDCs
(Figure 7) unequivocally demonstrates the alignment of the
Tb3"-loaded BBP-EF+2G at 900 MHz of the static
fnagnetic field. Similar titrations with ™ of BBP resulted

In no detectable alignment of the protein (data not shown).

Global Fold Determination of BBPEF. Structure calcu-
lations were performed with CYANA4B) (version 1.0). The

distance-dependent line broadening perturbations that couldinput consisted of 38 NOE-derived upper distance limit
be translated into distance constraints.

In this case, we chose the approach of obtaining additional
constraints from RDCs. However, the titration of BBBF
with Th®" ions gave only weak binding affinity with an
estimatedKy of ~10 mM, which is not suitable for NMR

constraints extracted froAHN—1HN NOEs, 62y and 62¢
dihedral angle constraints frof¥C*, 13Cf, 3C', and **N
chemical shifts, and 128 upper distance limits and 128 lower
distance limits corresponding to 64 hydrogen bonds. A total
of 160 conformers were calculated by CYANA from random

Ficure 8: Structure of BBR-EF. (A) Stereo representation of the ensemble of 10 solution structures (with the lowest potential energy after
the minimization by Gromacs) superimposed onto the average coordinates by minimizing the rmsds for the backboneglastransdst

Only backbone atoms are shown. Residues subject to distance constraints originating from NOEs are colored red. (B) Ribbon representation
of the BBP+EF structure with the lowest potential energy (black) and of the most representative OmpA (1G90) conformer (gray) with
backbone atoms g¥-barrel regions superimposed. Figuresl® were prepared with MOLMOLGQ).
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Table 1: Structural Statistics for BBFEF EF"OOP
structural information
no. of NOE distance constraints 38
no. of hydrogen bond constraints 128
no. of angle constraints 124
no. of NMR constraints violatioris
NOE
sum (A) 0.19+ 0.09 (0.070.37)
maximum (A) 0.06+ 0.02 (0.02-0.09)
dihedral angle
sum (deg) 2.48 0.72 (1.45-3.75)
maximum (deg) 0.48 0.21 (0.26-0.80)

rms deviation from corresponding
mean structure (A)

all residues
backbone atoms 3.2% 0.59
all heavy atoms 3.92 0.49
residues irB-strand8
backbone atoms 1.040.24
all heavy atoms 1.98 0.28 c
Ramachandran plot statistics (%)
residues in allowed regions 96.2
residues in disallowed regions 3.8

aThe values in parentheses are the observed rahgesigned
residues in thgs-strands are 616, 27-34, 38-46, 56-65, 73-84,
106—-115, 124-131, and 14%+149.

starting structures. The 20 structures having the lowest
CYANA target function values were selected and energy-
minimized in vacuo, using Gromacs version 3.30, 51).

Finally, the 10 structures with the lowest energy were
selected to represent the NMR-derived global fold of

BBP+EF in DHPC micelles (Table 1). ,
. . . . Ficure 9: Tube representation of BBFEF color-coded by the
Figure 8A is a stereo representation of a superposition of j,agnitude of the steady-statei—N nuclear Overhauser effect

the final 10 structures onto the corresponding average (NOE). For residues with a maximal NOE (i.e., 1.0), the tube is
structure. The average root-mean-square deviation (rmsd)thin and colored yellow. Correspondingly, for residues with smaller
from the average coordinates is 1.0 A for the backbone atomsNOES, the tube is thicker and increasingly red. For residues for

: : ; : : which no value could be obtained due to overlap and there was no
when overlaying assigned residues in the ejgfsirands. possibility to interpolate, the tube is colored light gray (in some

The structure is thus clearly of low precision as a result of ¢ases; interpolation was possible and then the residue is color-coded
the limited input data set, as seen by visual inspection of accordingly). Finally, for residues for which sequence specific
the ensemble of structures in Figure 8A. However, the assignment has been impossible to achieve, the tubg is colored dark
backbone fold can readily be followed, and the achieved 9'aY- The EF-hand loop as well as the N- and C-termini are labeled.
precision is sufficient to establish the similarities of the fold

of BBP+EF and of the structure of the TM domain of OmpA  of the TM domain of OmpA ) is yet another indicator of

(Figure 8B) determined by Tamm and co-workess The strong similarities between BBFEF and the TM domain
precision of the loop regions is very low due to the lack of of OmpA. The average value of NOEs for the loop regions
assignments and therefore also a lack of constraints. Althoughof the TM domain of OmpA is 0.5; on the other hand, the
our calculated structures are not very precise, they exhibit EF-hand value is 0.3, indicating that the inserted EF-hand
backbone rmsds in the same range as the NMR structuregoop of BBP+EF is more mobile than the original loops of
of the TM domain of OmpA [1.2 Ag)], OmpX [0.9 A 56)], the TM domain of OmpA. The backbone dynamics of the
and PagP [0.8 and 0.9 for DPC amtfOG micelles,  TM domain OmpA are characterized by increasing gradients
respectively {0)]. A Ramachandran plot reveals (data not from the interior toward both ends of th&barrel. The
shown) that 96.2% of the non-Gly residues have tieind increased dynamics of the protein in both millisecond and
¢ angles in allowed regions and 3.8% in disallowed regions. nanosecond time scales in the region of both membrane
Ramachandran plots and the related statistics were generategurfaces may explain why the NMR signals of some residues
using PROCHECK-NMR%9). in the highly mobile loops are broadened beyond detection.
Backbone Dynamics of BBFEF. To investigate the  Similar trends (as for OmpA) in steady-state NOE values
backbone dynamics of BBFEF, we measured steady-state coupled with the increased line width of backbone resonances
NOEs, which exhibit lower values for residues which are are seen for BBRPEF.
flexible on the nanosecond time scale. The values of the Calculating the averag®./R; ratio for residues with
NOEs have been mapped onto the structure in Figure 9. Thenegligible motions on the nanosecond time scale (NOE
values of the NOEs are approximately 0.7 in fhéarrel 0.65 at 14.1 T, as is customary) after excluding residues with
and around 0.3 in the EF-hand loop. Clearly, the EF-hand possible motions on the microsecond to millisecond time
loop is more mobile on the nanosecond time scale than thescale [according to the expression and criterion of Bax and
pB-barrel. The average value of 0.7 for NOEs in thbarrel co-workers 13)] gives a value of 12Gt 20 for BBP+EF.




1138 Biochemistry, Vol. 46, No. 5, 2007 Johansson et al.

brain microvascular endothelial cells of the extracellular
loops 6, 7, 61—-67). Indirectly, this is confirmed by the
successful engineering of a metal ion binding loop into the
BBP scaffold. On the basis of this separation of functions,
we suggest that BBP has the potential to be used as a
templates-barrel membrane protein structure for the devel-
opment of novel functions, although our results also highlight
the potential difficulties that can arise when functionality is
engineered into the loop regions of membrane proteins.
Finally, the 142-residue BBP represents the smaflesttuc-
tured integral membrane protein known to date for which a
3D structure is available.
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