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Abstract: Measurement of residual dipolar couplings for membrane proteins will dramatically improve the
quality of the structures obtainable by solution NMR spectroscopy. While there has been some success in
achieving alignment of membrane-bound peptides, there has been very limited success in achieving
alignment for functional membrane proteins. Herein, we demonstrate that charged polyacrylamide-based
copolymers are suitable for obtaining weak alignment of membrane proteins reconstituted in detergent
micelles. Varying the copolymer compositions, we prepared positively, zwitterionic, and negatively charged
gels that are very stable at low concentration and can be used for obtaining weak alignment by compression
in an NMR tube. Application of this method is demonstrated for the integral membrane protein OmpA in
DPC micelles.

Introduction for structural analysis. To date, only a handful of small helical

While a wealth of structural information on soluble proteins PClYPeptides limited to the presence of two membrane spanning
has been generated in the recent past, the determination of/@gments have been structurally characterized by NMR'he

structures of integral membrane proteins has lagged far behind '6C€Nt resonance assignment of dxéelical 40 kDa trimeric
This is a reflection of the significant challenges associated with Protein DAGK bodes well for future success in this afea.
structural studies of this class of proteins. One of the most _Solutlon NMR strL_JcturaI studies O_f integral m_embra_ne pro-
exciting recent developments in the application of solution NMR (€inS reconstituted in detergent micelles requires high-level
has been the successful application of these methods to thel€uteration, resulting in a paucity of NOE information. This
determination of the structures of a number of integral mem- limits the quality of 'the structure detgrmmaﬂon that can c'urre.ntly
brane proteins in detergent micelles. Application of TROSY- be achieved for t_hls class of protel_ns. Methyl protonation in a
based experiments for uniformly deuterated protéeinksas backgrounq_ of h'gh"eYe' deut_eratlon has been employed to
extended the size limit for studies of membrane proteieter- collect additional NOE information for large soluble protelfs.

gent complexes beyond 100 kband made possible structure This approach has been applied to the structure determination

determinations of moderate-sized integral membrane proteins.Of the integral membrane protein OmpX, resulting in a sig-

The number of successful applications of high-resolution NMR Nificant improvement in the quality of the structure determina-
for integral membrane proteins is growing, and numerous new tion.!* An alternative approach for improving the accuracy of

systems are being characteriZédCurrent NMR methodology these structures would be by way of collection of residual dipolar

can now routinely define backbone structures of moderate-sized®CUP!ings (RDC) Wh'lih have proven their utility in improving
B-barrel proteind-6 Proteins containingi-helical membrane  Structural accuracy 14 and have been applied particularly in

spanning motifs have thus far proven more challenging targets 1€ Setting of highly deuterated proteins with limited NOE
information®> RDCs contain information about the orientation

T Department of Molecular Physiology and Biological Physics. of internuclear vectors relative to the magnetic field and can be
* Department of Chemistry.
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readily employed to improve structural accuraéyt* For fully alignment of integral membrane proteins in detergent micelles.
deuterated proteins, a large set of backbone RDCs can be easilyfhese gels have proven to be stable for extended periods at
collected using TROSY-based triple resonance approdéhes. elevated temperature and to induce high degrees of alignment
In addition, the recent measurement of side-ch&D—1C of a 20 kDa integral membrane protein. To test the broad range
dipolar couplings for a large protein suggests the potential to of gel compositions we developed, we first examined the
derive side-chain structural information from these highly alignment of the globular domain of a mutant of the N-terminal
deuterated proteins as weéll. domain of doublecortin (N-DCXmu#. Subsequently, we have

To measure RDCs, it is necessary to introduce a weak successfully utilized several copolymer gels to achieve high
alignment of the protein moleculé%:** Partial orientation of degrees of alignment of the integral membrane protein OmpA
globular proteins has been achieved using several types ofin detergent micelles.
orienting media including bicellé$and filamentous phagé.
None of these systems is suitable for alignment of membrane
proteins reconstituted in detergent micelles. There is a clear need Protein Samples.The N-terminal domain of doublecortin containing
for alignment media which is stable and effective in the context residues 45150 (N-DCX) and its double mutant K134D, K135D
of protein—detergent micelles. The recent development of (N-DCXmut), were prepared as described previodsigamples for
polyacrylamide hydroget82for alignment of soluble proteins NMR spectroscopy contained 0.2 m¥N-labeled protein in 50 mM
provides just such a medium. The serious limitation of such sodium phosphatg buffer, pH 6.0. If indicated, samples also contained
gels is the high concentration of polyacrylamide necessary to 120 MM NaCl. Uniformly’H, N and®H, **C, *N-labeled OmpA were
ensure mechanical stability. Thus, even for relatively weak prepared as described prewou_‘isl;bne millimolar protein solutions in

. L . . . . 600 mM DPC, 10 mM potassium phosphate buffer, pH 6.3, and 50
alignment, this will affect the rotational diffusion of the proteins

. . ) ) mM NacCl were used for all NMR experiments.
leading to extensive broadening of the NMR signals as well as Data Collection and Analysis. NMR spectra were collected on

to difficulties in diffusing the protein samples into the gels. varian Inova 500 and 600 MHz spectrometers. Measurements for
Substantial reductions in the gel concentration to ameliorate N-DCX and OmpA have been done at 30 and “&) respectively.
these effects result in very small degrees of alignment which For determination ofDyy residual dipolar couplings, the standard
are not useful for structure determination. As a consequence,IPAP-HSQC experiment was employ&dDue to the low polymer
very few examples of such measurements of RDCs using gelsconcentration, suppression of acrylamide signals was not necéssary.
have been reported, and they are all for relatively small peptides.A TROSY-HNCO-based experiment was employed for measurement
These include a short peptide from HIV-1 gg4and small of C’—_Ca dipolar coupllr_1g§.6 NMR spectra were processed in
a-helical motifs from Vp@3 and the Pf1 coat proteff.To date, ~ NMRPip€? and analyzed in Sparky (Goddard, T. D.; Kneller, J. M.
there have been no reports of significant RDCs measured for aUnlverS|ty of California, San Francisco). Fitting of experimental RDCs

b tein | th 10 kDa. Previ it ts t to crystal structures was performed using P&eEvaluation of
membrane protein larger than a. Frevious attempts Oexperimental error was done using a jack-knife procedure by random

induce a sufficient level of alignment of integral membrane gjimination of 10% of the data and repeating the calculations 100

Experimental Section

proteins in_polya_cry_lgmide gels were not SUCCQS%?_U“-iS Qlear times3! A statistical measure of the extent to which two sets of residual
that there is a significant need for reliable effective alignment dipolar couplings are similar was obtained by calculating Pearson’s
media for integral membrane proteins. correlation coefficient.

Applications of polyacrylamide gels for alignment have been  Gel Preparation. Preparation of copolymer polyacrylamide gels was
significantly expanded by modification of the gel composition, performed in a manner similar to that described previotfsitock
for example, by addition of a charged component to the?gel. solutions of 40% acrylamide and,N'-methylenebisacrylamide in a
Such charged copolymers undergo strong electroosmotic swell-19:1 ratio (Bio-Rad) were mixed with 40% charged acrylate derivatives
ing in aqueous solutions and retain high mechanical stability, contaln_lngN,N'-_methyleneblsacrylam|de in a 19:1 ratio. The mixtures
even at very low gel concentration. Gel properties can be further /&€ diluted with 10xTBE buffer (0.9 M TRIS, 0.9 M borate, 0.02 M

dified by altering th | it Indeed. it EDTA, pH 8.2) to a final 7% concentration. Polymerization was
modined by altering the copolymer Composition. INAEEd, ILWaS iqqy by the addition of 0.15% ammoniumperoxide sulfate and 1%

re;cently dgmonstrated that gels with opposite charge producedigramethylethylenediamine (TEMED). To introduce negative charge,
different alignments of the protef. we used acrylic acid (Sigma-Aldrich, Inc.) or 2-acrylamido-2-methyl-
Herein, we have examined a series of charged copolymer gelsi-propanesulfonic acid (AMPS, Sigma-Aldrich, Inc). Positive charge
that are suitable for inducing structurally useful degrees of was introduced by addition of (3-acrylamidopropyl)-trimethylammo-
nium chloride (APTMAC, Sigma-Aldrich, Inc.) oN-(2-acryloamido-

(15) Mueller, G. A.; Choy, W. Y.; Yang, D.; Forman-Kay, J. D.; Venters, R. i i iodi i - i ).
A Kay, L E.J. Mol ‘Biol. 2000 300 197-215. ethyl)triethylammonium iodide (NAETEAI, Sigma-Aldrich, Inc.)

(16) Yang, D.; Venters, R. A.: Choy, W. Y.; Kay, L. . Biomol. NMRL999 Subsequently, zwitterionic copolymers were obtained by the use of

14, 333-343. . equivalent amounts of acrylic acid and APTMAC. The polymerization
an ;’fgg"' B.; Kovacs, H.; Pervushin, K. Am. Chem. S0@004 126 2414~ of 130 uL of the mixtures was carried out overnight in plastic tubes
(18) Bax, A;; Tjandra, NJ. Biomol. NMR1997, 10, 289-292. with 3.2 mm diameter. This volume was selected to keep the ratio
(19) legfel’ 0%-71'\f-i osé‘?gCh’ M. R.; Gronenborn, A. Bl.Am. Chem. S0d.998 between length and diameter of polymerized gel as 5 to 1. Polymerized
(20) Sass, H. J,; Musco'. G.; Stahl, S. J.; Windfield, P. T.; Grzesiek,E8omol.

NMR 200Q 18, 303—-309. (27) Kim, M. H.; Cierpicki, T.; Derewenda, U.; Krowarsch, D.; Feng, Y.;
(21) Ishii, Y.; Markus, M. A.; Tycko, RJ. Biomol. NMR2001, 21, 141-151. Devedjiev, Y.; Dauter, Z.; Walsh, C. A.; Otlewski, J.; Bushweller, J. H.;
(22) Chou, J. J.; Kaufman, J. D.; Stahl, S. J.; Wingfield, P. T.; Bax].AAm. Derewenda, Z. SNat. Struct. Biol.2003 10, 324—333.

Chem. So0c2002 124, 2450-2451. (28) Ottiger, M.; Delaglio, F.; Bax, AJ. Magn. Reson199§ 131, 373-378.

(23) Park, S. H.; Mrse, A. A;; Nevzorov, A. A.; Mesleh, M. F.; Oblatt-Montal,  (29) Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.; BaxJA.

M.; Montal, M.; Opella, S. JJ. Mol. Biol. 2003 333 409-424. Biomol. NMR1995 6, 277—293.

(24) Lee, S.; Mesleh, M. F.; Opella, S.J1.Biomol. NMR2003 26, 327—-334. (30) Zimmermann, P.; Tomatis, D.; Rosas, M.; Grootjans, J.; Leenaerts, |.;
(25) Meier, S.; Haussinger, D.; Grzesiek,J.Biomol. NMR2002 24, 351— Degeest, G.; Reekmans, G.; Coomans, C.; DavidVi@. Biol. Cell 2001,

356. 12, 339-350.

(26) Ulmer, T. S.; Ramirez, B. E.; Delaglio, F.; Bax, A. Am. Chem. Soc. (31) Mosteller, F.; Tukey, Data analysis and regression: A second course in

2003 125 9179-9191. statistics Addison-Wesley Publishing Co.: Don Mills, Ontario, 1977.
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gels were extensively washed in deionized water (three cycles over aResults and Discussion

period of 2 days). During the washing procedure, the gels experienced . . . L
a significant increase in size due to strong electroosmotic swelling. Alignment in Compressed Gels.While the application of

The gels were dried ove 2 day period at 36C on a plastic support polyacrylamide ggls for the alignment.of spluble pr.oteins has
wrapped with polyvinylidene chloride (PVDC) foil. To assemble the Peen well-establishe#;?#43the application of this tech-

NMR sample, the dried gel was transferred to a Shigemi tube and nique for integral membrane proteins is significantly more de-
protein solution was added. For a nonrestricted gel in a 4.2 mm NMR manding. Large membrane proteidetergent complexes re-

tube, the final length reached 21 mm. Vertical compression of the gels quire the preparation of gels at low concentration while re-
was achieved by inserting the Shigemi plunger into the tube and limiting taining high homogeneity. It would also be desirable to have
the final length between 12 and 19 mm. After overnight equilibration, the flexibility to easily tune the alignment by simple changes

the samples were ready for NMR experiments. Reduction of the gel

compression and thus the degree of protein alignment could be easily

achieved by simply adjusting the plunger position.
Gel Nomenclature. The following nomenclature was employed to
describe the gel composition: (1) the first number indicates the w/w

in the gel geometry in the assembled NMR sample. These
criteria cannot be satisfied when using regular polyacrylamide
hydrogels mainly because of the high polymer concentrations
required for these gels. However, gels with charged copoly-

. 5,26 ; g i B
concentration of the charged component; (2) the second symbol denotedners™2 undergo electroosmotic swelling in aqueous solu

positive (+), negative ¢), or zwitterionic &) copolymer; and (3) the
final symbols describe charged components, A, acrylic acid; S, AMPS;
M, APTMAC; and E, NAETEAI. For example, 26M identifies a
positively charged copolymer containing 25% of APTMAC and 75%
of acrylamide; 5&-MA identifies a zwitterionic copolymer based on
50% content of 1:1 mixture of APTMAC/acrylic acid and 50%
acrylamide.

Theoretical Background

Residual dipolar coupling in weakly aligned rigid systems
can be described as

—uoh

DIS 8n3r,53 2

1
E(Axx -

wherey, andys are the gyromagnetic ratios of the interacting
nuclei separated by distancg, andug is the magnetic perm-
eability in a vacuunt2 The average orientation of the molecule
in solution is defined by alignment tensér with principal
componentsAy, Ay, andA, The orientation of an IS inter-
nuclear vector relative to the principal axes of the molecular
alignment tensor is expressed in the polar anglesd ¢. In

the principal axes frame, the alignment tensor can be conve-
niently decomposed into an axial componégt= 1/,A;, and
rhombicity R = ?/5(Axx — Ay)/Azz If only the 1Dpn couplings
are considered, then eq 1 can be further simplified to

A,,) sir’ 0 cos 2| (1)

D, N= Da[(3 cog6 — 1)+ gR sif0cos 2| (2

where D, represents the magnitude of the alignment tensor
normalized to interaction between H and N nuclei assuming a
constant distancey. If the structure is known, the alignment
parameter®, andR can be determined from fitting experimental
values of RDCs using singular value decomposifhhis also
yields the transformation necessary to convert molecular

tions and retain high mechanical stability at low polymer
concentrations.

To prepare gels suitable for achieving alignment of integral
membrane proteins, we first evaluated a series of copolymers
based on acrylamide and charged derivatives of acrylic acid.
Various compositions of monomers have been mixed at 7%
concentration and polymerized in plastic tubes with a diameter
smaller than that of the NMR tube. During an extensive washing
in deionized water, we observed strong swelling and an increase
in the volume of all charged gels. The samples for NMR
experiments were prepared by placing the dried gel in a Shigemi
tube followed by addition of protein solution. For introduction
of gel anisotropy, we applied vertical compression using the
Shigemi plunger in a manner similar to that described previ-
ously2021 Adjustment of the position of the plunger was used
to accurately control gel compression and concentration. Due
to strong swelling, the final gel concentration was always lower
than the initial 7%. It is also worthwhile to note that this
approach to sample preparation ensures very high homogeneity,
making it possible to utilize automatic gradient shimming and
resulting in very high-quality NMR spectra.

The resulting charged copolymer polyacrylamide gels were
initially evaluated using a small soluble protein, the N-terminal
domain of doublecortif? with two point mutations introduced
(N-DCXmut). Alignment of N-DCXmut in a broad range of
gel compositions is summarized in Table 1. The calculation of
alignment tensor parameters was based on fitting of the
experimental residual dipolar couplings to the N-DCXmut
crystal structure (Kim, M.; Derewenda, U.; Derwenda, Z.,
unpublished results). To quantitatively assess the fit quality, we
calculated quality factorsQ.3% For 12 of the 13 copolymer
compositions examined values between 15% and 20% were
obtained, indicating a very high degree of consistency in the
datasets. One copolymer composition {2 gave a slightly
higherQ value of 24% mainly as a result of signal broadening
due to strong interaction with the protein.

The degree of protein alignment was easily controlled by the

coordinates to principal axes frame represented in three Eulerextent of gel compression. To generate useful degrees of
angleso, 8, andy. For evaluation of the agreement between gjignment for the DCX domain, the copolymer concentration

calculated®®

(32) Losonczi, J. A.; Andrec, M.; Fischer, M. W.; Prestegard, JJHVagn.
Reson.1999 138 334—-342.

(33) Cornilescu, G.; Marquardt, J. L.; Ottiger, M.; Bax, A.Am. Chem. Soc.
1998 120 6836-6837.

Tycko, R.; Blanco, F. J.; Ishii, YJ. Am. Chem. SoQ00Q 122, 9340-

Q = rmsD%" — D°*9/rms(D°* ()

The quality factor offers a convenient criterion to validate (34

compatibility between structures and RDCs measured in solu-
tion.

9341.
(35) Chou, J. J.; Gaemers, S.; Howder, B.; Louis, J. M.; BaxJ.ABiomol.
NMR 2001, 21, 377-382.

)
)
)
)
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Table 1. Analysis of RDCs and Calculation of Alignment Parameters for N-DCXmut

gel type? D, (Hz)? RP Q (%)° of B ye Nrd conc (%)°
75+M 154+0.2 0.114+0.01 15.6+ 0.8 28.5+0.4 —27.4+0.3 27.0+£4.1 42 4.2
75+M NacCl 9.4+ 0.1 0.15+ 0.02 17.4+0.8 26.1+0.4 —25.2+ 0.3 —14.0+ 3.3 41 4.2
75+E 42+0.1 0.21+ 0.02 20.0+:0.8 349+ 04 —23.4+0.4 40.0+ 1.6 46 5.3
50+M 141+0.1 0.14+ 0.01 15.2+ 0.6 26.7+0.3 —249+0.3 4.4+ 3.2 42 4.2
50+M 129+0.1 0.15+ 0.02 18.0+ 0.7 28.1+0.4 —25.5+04 9.6+ 2.6 46 4.0
50+M T =5% 7.5+ 0.1 0.14+ 0.02 18.3+0.9 28.7+ 0.4 —25.7+0.3 12.3+£ 2.9 43 3.8
25+M 105+ 0.1 0.45+ 0.02 18.5£ 1.0 9.1+ 0.9 224+ 05 90.4+ 0.9 39 4.5
25+M NacCl 7.2+0.1 0.45+ 0.02 18.4+1.0 —9.5+0.6 18.4+ 0.3 93.9+ 1.0 43 4.9
50+MA 9.6+0.1 0.55+ 0.01 17.0+0.9 7.1+ 0.7 22.1+0.4 88.6+ 0.6 42 4.5
25—-A 13.8+0.1 0.40+ 0.01 15.5£ 0.9 9.8+ 0.5 22.3£ 0.3 88.2+ 1.0 39 4.2
50-A 29+0.1 0.30+ 0.02 24.0+1.1 10.0+ 0.9 28.6+£ 0.5 93.1+ 1.6 40 3.3
50—A NacCl 75+0.1 0.64+ 0.02 19.2+1.0 —7.6+0.9 26.4+0.3 81.6+ 0.5 39 4.0
50-S 11.8+0.1 0.18+ 0.01 16.6+ 0.9 21.3+ 0.5 19.2+ 04 95.1+ 2.1 39 3.7

aType of gel medium used for alignment. Samples with addition of 150 mM salt are labeled NaC5% indicates that the initial gel concentration
was 5% instead of the typical 7%Alignment tensor parameters are calculated from the best fit of experimental valt@snofo the crystal structure of
N-DCXmut. Errors were estimated using the jack-knife procedure by random elimination of 10% of thé Elaltr. angles defining the orientation of
alignment tensor relative to PDB coordinates;3, andy correspond to rotation about they, andz axes.? Number of RDCs used for the analystgzinal
gel concentration.

8500 5400 5300 5200 5500 5400 5300 5200 Another critical component in the applicability of these gels
B for dipolar coupling measurements is their long-term stability,
© particularly at the elevated temperatures often employed for
7600 membrane protein samples. Replicates of the experiments carried
= out clearly show that samples are stable for extended periods
f 109.8Hz| 95.7Hz 266154 | 809 Hz 85.1 Hz|100.4Hz 7650 of time without affecting the degree of alignment, making
2 ) possible the measurement of heteronuclear coupling constants
S o using various 3D_gxperiments (see beld’@vEurthermore_, the
temperature stability was evaluated by recording replicates of
{ { spectra for OmpA at 50C which also showed no changes in
7750 the measured values over the course of 2 weeks. All of our
H [Hz] data clearly indicate these copolymer gels have all that is
Figure 1. IPAP-HSQC spectra for N-DCXmut showing values®y necessary to study demanding systems such as membrane
coupling constants in two different gels: (A) zwitterionic (BRIA) and proteins.

(B) positively charged (S6M). Effects of Gel Charge.Protein orientation in the anisotro-

pically compressed or stretched charged gels is determined by

both steric effects and electrostatic interactiéf®.Indeed, it

has been demonstrated that alignment in negatively and posi-

fively charged gels can be significantly differéhtpplication

of two different alignments reduces degeneracy inherent in

dipolar couplings” and significantly improves the accuracy of

calculated structure’$. To modify the composition of polyacry-

lamide gels and introduce differing charge, we have intro-

duced a number of different copolymers. For negatively charged
els, we have copolymerized both acrylic acid and 2-acrylamido-
-methyl-1-propanesulfonic acid (AMPS). Positively charged

copolymers have been obtained by copolymerization with

3-(acrylamidopropyl)-trimethylammonium chloride (APTMAC)

or N-(2-acryloamidoethyl)triethylammonium iodide (NAETEAI).

Methyl versus ethyl substitution on the positively charged nitro-

) ) . gen will result in a difference in the shielding of the positive

Because the alignment of larger proteins, particularly 1arge cparge resulting in an alteration of electrostatic interactions. We
detergent membrane protein complexes, will require lower gel 46 also combined positive and negative copolymers to gen-
concentrations, we tested the feasibility of decreasing the initial g5t Zwitterionic copolymer gels. All of the gels undergo elec-

gel concentration from 7% to 5%. Stable gels were obtained; yrqosmotic swelling in water and could be successfully used to

however, S|gn|f.|c.antly stronger compression was necessary toprepare NMR samples.

achieve a significant degree of alignment of the N-DCXmut

protein. Comparison of the alignments in#50 gels polym-

erized from initial 5% and 7% concentration and compressed
o . HN — i

to ~4% g|ve_s rise taD, 7.5 and 12.9 Hz, re_spectl\_/ely, (36) Zweckstetter, M.; Hummer, G.; Bax, Biophys. J2004 86, 3444-3460.

tensor magnitudes for N-DCXmut (Table 1). Using this ap- (37) Al-Hashimi, H. M.; Valafar, H.; Terrell, M.; Zartler, E. R.; Eidsness, M.

proach, we were able to demonstrate the ability to obtain stable .. K. Prestegard, J. Hl. Magn. Reson200Q 143 402-406.

. (38) Clore, G. M.; Starich, M. R.; Bewlwy, C. A.; Cai, M.; Kuszewski, 1.
gels even at concentrations below 2.5% (data not shown). Am. Chem. Sod 999 121, 6513-6514.

5.0%. For example, the compression oft9@ gels to a final

size of 15 mm produces a 4.2% gel. Under these conditions,
the alignment tensor of N-DCXmut yield3,/N = 14.1 Hz.
Subsequent release of the plunger to 16 mm reduced the ge
concentration and the alignment to 4.0% @\ = 12.9 Hz,
respectively. Furthermore, the degree of alignment significantly
depends on the gel composition (Table 1). The magnitude of
the alignment tensor for N-DCXmut is typically larger than 7.5
Hz and extends up to 15 Hz for the-#M copolymer gel. This
makes possible convenient and accurate measurement o
RDCs with absolute values up to 30 Hz. Selected regions of
the 1"’N—1H HSQC-IPAP spectra recorded for N-DCXmut in
two different gels are presented in Figure 1. Two distinct
alignments of the protein are demonstrated fof=B0A and
50+M copolymer gels.

Analysis of protein alignments as a function of gel charge
indicates that in general two unrelated alignments can readily

16262 J. AM. CHEM. SOC. = VOL. 126, NO. 49, 2004
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be produced (Table 1). In the case of N-DCXmut, this can be 50—-200 mM salt is often necessary to maintain stability of
achieved even without inversion of the gel charge. Comparison proteins in solution. High ionic strength will have a significant
of N-DCXmut alignments in various conditions indicates that effect on the magnitude of the alignment in charged gels,
a change in protein orientation occurs betweenr-25and particularly those with low polymer concentratiotftsWe
50+M gels. Thus, varying the content of APTMAC between observe this influence of ionic strength; however, in 4%
25% and 50% is sufficient to produce different alignments. The copolymer gels this effect is not particularly strong. Addition
two sets of dipolar couplings measured for N-DCXmut in-50 of 150 mM NaCl decreases the magnitude of the alignment
and 25+-M are completely unrelated with a correlation coef- tensor of N-DCXmut from 15.4 to 9.4 Hz for a #3/ gel at
ficient r = —0.1. Similarly, Zweckstetter et &.have shown the same level of compression. The decreased alignment due
substantial changes in orientation with varying salt concentration to diminished electrostatic interactions can be compensated by
with phage alignment. They effectively modeled this showing higher degrees of gel compression.

that the magnitude of the quadrupole and dipole contributions The addition of salt may be favorable in cases where
to alignment varies with ionic strength. These contributions will quenching the electrostatic interactions is necessary to facilitate
also vary with charge density on our gels, providing a rationale measurement in charged media. As reported previously, 250
for the observed behavior. mM NaCl was necessary to measure RDCs for ubiquitin aligned

The degree of protein alignment in copolymer polyacrylamide in phage medi& As mentioned above, strong interaction of
gels is clearly affected by surface charge density. With the sameN-DCXmut with the 56-A gel limited the degree of compres-
degree of compression and gel concentration, stronger orientaSion we could utilize, and only weak alignment could be
tion is achieved in gels with a higher content of the charged obtained D™ = 2.9 Hz). Addition of 150 mM NaCl combined

component. Comparison of the 7, 50+M, and 25+-M gels with stronger compression overcame this problem and resulted
reveals a gradual decrease in alignment magnitude (Table 1)in an increased alignment wih™ = 7.5 Hz (Table 1).

While for a 4.2% 75-M gel, we achieved,™ = 15.4 Hz, a As observed by Zweckstter et &P for phage-based align-
value of 10.5 Hz was obtained for a 4.5%+28 gel. This ment, we see cases where only the alignment magnitude is

observation can be used to minimize the gel concentration affected by ionic strength and others where the alignment tensor
necessary to produce the desired level of orientation. Effects ofiS affected. The correlation between two data sets recorded for
surface charge density were further verified by comparing N-DCXmut in 75+M gel in the absence and the presence of
gels based on two positively charged acrylamide derivatives, 150 mM NaCl is very high witit = 0.98. In contrast, distinct
APTMAC and NAETEAI The alignment of DCXmut in a  differences were found for the 50 gel where the correlation
75+E gel is almost 4 times weaker relative to ai78 gel, coefficient between sets of RDCs collected with and without
even if the former is at a relatively high gel compression (Table Salt isr = 0.88. This change was accompanied by an increase
1). The positive charge of the quaternary amine group in the in rhombicity from 0.30 to 0.64.

trimethylammonium derivative (APTMAC) is less shielded Multiple Alignments as a Result of Protein Modification.
relative to the triethylammonium group (NAETEAI). As a Changing the composition of the alignment medium is the most

consequence, APTMAC-based gels have stronger surface charg€onvenient way to affect the alignment. However, strong
and yield higher degrees of alignment. interaction with a protein may limit the application of a broad
One drawback of charged orienting media is the risk of the '2N9€ Of gel conditions. For example, only two gels with strong
s . . . . iti harge, 56M and 75+M, could be used for alignment
unfavorable electrostatic interactions with the protein resulting POSIIVe . . .
P 9 of the syntenin PDZ domains (unpublished results). As a

in degradation of the quality of the NMR spectra. Our d orientati t obtained. Thus. if
experiments revealed that strong interactions between variousoonseguence, a second orientation was not obtained. Thus, 1

proteins and the gels are common (data not shown). Indeed,the gel c_omposi_ti_on c_:annot be varied, an altern_ati_ve optiqn may
our recent study on syntenin PDZ domains indicated that strong be protein modlflca_ltlp_n o alter the electrostatic mter_acuqns.
interactions could be avoided only in gels with substantial To test this possmlllty, we co_mpared N-DCXmut with wild-
positive charge (unpublished results). Thus, the availability of ltype N-DCX. Two SUFSt'tUt'OnS n N'hDCX’IK1|34D’ an(fj K135D

a broad range of conditions is essential to find media that are ead to a.sup_stantlla decre«’;:se n the cicu ateq p] rom 8.0hto
effective for a particular NMR sample. For example, strong 4.9 and significantly affect the sqrfape charge distribution. The
interaction between N-DCXmut and the-58 gel resulted in sjcruc.t.ure of the N-DCX dOma”? IS npt perturt?ed to any
significant line-broadening in the NMR spectra. Such unfavor- S|gn|f|cant_degree by the;e mutations with only S.I'ght changes
able electrostatic interactions may be quenched by addition Ofobserved In the loop regions. Indeed, the experimental values

i of 1Dyn for N-DCX fit very well to the crystal structure of
salt (see below). Because compression of the gel under thes‘?\l-DC@?mut and the quali):y factors are c))/nly slightly worse
conditions results in severe degradation of the quality of the ’

NMR data, we were limited to small degrees of compression (Table 2). To assess whether these point mutations affected the

resulting in weak alignment with 8N = 2.9 Hz. Interestingly, alignment, we prepared_three gels: 4, 50-MA, and 50-
good-quality NMR spectra and a reasonable alignment could A. The correlation coefficients between data sets recorded for

be obtained for a 56S gel ;"N = 11.8 Hz). Comparison of N-DCX and N-DCXmut allgn(_ed under th_e same c_on_dltlons are
; . 0.83, 0.69, and 0.37, respectively. Despite very similar degrees
RDCs measured in the two negative gels;-30and 50-S, . .
. . - _ . of alignment for N-DCX and N-DCXmut in the 7#5M gel, the
yields a correlation coefficient = 0.75 and substantially . . o .
e . . orientation of the modified protein was affected (Tables 1 and
changed rhombicities (Table 1). Interestingly, a similar effect .
2). The differences are more pronounced for the-B&A and
was observed for OmpA (see below).

. ) . . 50—A gels. Interestingly, unlike N-DCXmut, the wild-type
Effects of lonic Strength. lonic strength is one of the crucial

parameters affecting electrostatic-based alignrifeitdeed, (39) Permi, PJ. Biomol. NMR2003 27, 341—349.
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Table 2. Analysis of RDCs and Calculation of Alignment Parameters for Wild-Type N-DCX?

gel type D, (Hz) R Q (%) o B y Nr conc (%)
75+M 14.1+0.2 0.12+0.01 18.9+ 0.8 9.0+ 0.5 —43.5+ 0.4 7.7£3.8 48 4.0
5+MA 11.4+0.1 0.53+£ 0.02 16.9£ 0.7 —28.7+0.7 8.0+ 04 85.6+ 1.0 49 5.3
50—-A 76+0.1 0.38+£ 0.02 17.7£1.0 —34.9+ 0.6 34+ 04 714+ 14 48 4.2

aTable description is identical to that in Table 1.
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Figure 2. Sections of IPAP-HSQC spectra recorded 4d!*N-OmpA. Comparison ofDyy couplings for isotropic sample (A) and three different gels:
50—A (B), 50—S (C), and 56-M (D).
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Table 3. Alignment of OmpA in Three Different Copolymer Polyacrylamide Gels

gel type D, (Hz)? R? Q (%)° Q (%)° o B yd Nre conc (%)"
50—-A 9.3+0.2 0.05+ 0.02 23.3t1.2 30.1+1.3 96.6+ 0.6 32.6+ 0.6 —19.64+ 13.2 43 3.5
50-S 10.8+£ 0.2 0.57+0.03 22.6+1.3 28.0+ 2.0 81.7+ 1.0 7.7+0.8 —85.4+ 1.0 45 4.0
50+M 129+ 0.2 0.06+ 0.01 23.9+-1.8 27.1+£ 2.0 —65.1+ 1.2 —75.1+0.3 168.3+ 7.3 43 3.3

a Alignment tensor parameters are calculated from the best fit of experimental valt@gnofo the high-resolution OmpA crystal structure (PDB code
1qjp). Errors were estimated using the jack-knife procedure by random elimination of 10% of the @atdity factors calculated for 1.65 A resolution
OmpA structure (PDB code 1qjp) Quality factors calculated for 2.5 A resolution OmpA structure (PDB code 1b%&ler angles defining the orientation
of alignment tensor relative to PDB coordinatasj, andy correspond to rotation about thgy, andz axes.¢ Number of RDCs used for the analy§Binal
gel concentration.

N-DCX domain does not show strong interaction with negative component of the doublet exhibits a moderate degree of broad-
media, and reasonable alignment in a30gel was obtained ening, we were able to extract couplings from standard IPAP-
(DN = 7.6 Hz). HSQC spectra. Due to the high cost of triply labeled OmpA,
In general, protein modification, albeit more laborious, can we have initially recorded only 2D spectra usfttj!°N-labeled
be considered as an alternative approach for the generation ofOmpA. Because of severe overlap in the 2D spectra, a reliable
alternative alignment. For systems such as integral membraneanalysis was limited to approximately one-third of all amides.
proteins or multidomain proteins, a second alignment may be The use of triple-labeling and 3D NMR spectra will significantly
of critical importance for solving structural ambiguities. Because increase the number of resonances that can be characterized.
the site of such mutations needs to be carefully selected, thisThe alignment achieved for OmpA permits the measurement
approach may require a preliminary structure of the protein or of 1Dyy couplings up to 25 Hz.
areliable homology model. Appropriate targets for mutagenesis  Three data sets have been analyzedHhASN-labeled OmpA
include solvent-exposed charged residues, preferably in loopaligned in 56-A, 50—S, and 58-M copolymers. Alignment
regions, and the N- and C-termini. For example, the alignment tensor parameters calculated from fitting of the measured RDCs
tensor may be affected by addition (or removal) of poly-histidine to the high-resolution crystal structure of OmpA (PDB code
tags to the protein termirif. 1qgjp) are summarized in Table 3. Each data set shows a different
Alignment of Integral Membrane Protein OmpA in DPC alignment and very good agreement with the crystal structure
Micelles. To test the feasibility of inducing weak alignment of  with quality factors below 24%. The alignment of OmpA in
OmpA in DPC micelles, we prepared several samples in dif- the 50-S gel is characterized bp,;°N = 10.8 Hz and a large
ferent gel conditions. Preparation of aligned samples was carriedrhombicity,R = 0.57. Measured values &Dyy Span the range
out in the same manner as we did for the N-DCX domain. between—22 and+25 Hz. Comparison of the experimental and
Interestingly, the swelling of the gels in the presence of pretein  calculated RDCs for the 56S gel is presented in Figure 3A.
detergent complex was fast, and highly homogeneous samplesThe amides with isolated chemical shifts used for the analysis
were obtained. A lower gel concentration and compression wereare located in th@-barrel portion of the protein and are shown
sufficient to induce alignment of OmpA relative to the N-DCX in black (Figure 3B).
domain. Typically, satisfactory levels of alignment were ob-  Because the structural analysis of membrane proteins may
tained in gels with 3-4% copolymer concentrations. The high rely heavily on achieving multiple different alignments, we
quality of the IPAP-HSQC spectra recorded for OmpA in three
different gels is shown in Figure 2. Because the upfield (40) Ramirez, B. E.; Bax, AJ. Am. Chem. S0d.99§ 120, 9106-9107.
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Figure 3. Analysis of 1Dy residual dipolar couplings for OmpA. (A)
Compatibility between experimental values ‘@fyy and those predicted 26340
from the crystal structure (PDB code 1qjp); (B) high-resolution crystal
structure of OmpA (1qjp) with selected residues used for the analysis of 'H [Hz]
RDCs (shown in black). Figure 4. Selected sections from the 3D TROSY-HNCO experiment for

measurement dfloc, coupling constants recorded fé,13C,15N-labeled
tested various gel conditions with OmpA to establish the ability OmpA. TheJccq coupling constants measured in isotropic samples (A
to achieve multiple alignments with a membrane protein. 2" C).anld the corresponding values recorded irS@el (B and D,
. . . . . respectively).
Distinctly different alignments of OmpA were obtained with P V)

two types of negatively charged gels,-58 and 56-A (Table shown in Figure 48 These data clearly indicate that high-quality

3). The two data sets show moderate correlation with0.72.  tripje resonance data can be collected on integral membrane
Lower compression of the S0A gel may account for the  poteins using these gels. Furthermore, this experiment also
slightly weaker degree of alignmeri2{™ = 9.3 Hz). Because  gemonstrates the necessary long-term stability of the gels at
the alignment is weakly rhombi®(= 0.05), the values 0D elevated temperatures, an essential prerequisite for the collection

range between-10 and+20 Hz. We also tested the alignment  of the ensemble of dipolar couplings needed for structure
of OmpA in positively charged gels. A significantly different  5|culations.

orientation of the proteinmicelle complex was obtained in a _
50+M gel (Table 3). The alignment obtained at relatively low, Conclusions

3.3%, gel concentration correspondsDg'™ = 12.9 Hz and In this report, we focused on the development of a series of
experimental values ofDuyn between—10 and +25 Hz. charged copolymer polyacrylamide gels that would be suitable
Compatibility between the RDCs and the crystal structure is for inducing weak alignment of macromolecules for measure-
again very high withQ = 23.9%. ment of RDCs, particularly for integral membrane proteins. We

Detailed studies of membrane protein structures by NMR and have developed a wide range of different charged copolymer
X-ray crystallography may suffer from the non-native environ- gels for application as alignment media. These gels show
ments in which the structural studies are carried out. Thus, excellent homogeneity and long-term stability even at elevated
measurement of RDCs for OmpA makes it possible to directly temperatures. Studies using a small soluble protein clearly estab-
compare the structures in micelles in solution and in the lished the ability to achieve multiple unique alignments by
crystalline state. The close agreement observed between thenanipulation of the copolymer composition. Subsequently, we
RDCs and the crystal structure of OmpA indicates that the have utilized these gels to achieve meaningful degrees of align-
structures in solution and in the crystal closely resemble one ment for the integral membrane protein OmpA, the first such
another. Indeed, we carried out the RDC analysis for twvo OmpA demonstration for a membrane protein of this size. We have
crystal structures determined at 1.65 A (PDB code 1qjp) and also shown that we can achieve multiple unique alignments of
2.5 A (PDB code 1bxw) resolution. Despite similar backbone OmpA by manipulating copolymer composition, which will
structures (RMSD betweencCis 0.42 A), better agreement  greatly assist in the structure determination of this class of
between experimental and predicted RDCs is observed for theproteins.
high-resolution structure (Table 3). The quality factors calculated ~ As expected, the alignment of OmpA in the compressed gels
for the 1.65 A structure are from 3% to 7% lower than for the is primarily orthogonal relative to the magnetic field. Thus, the
2.5 A structure (Table 3). This observation is in agreement with values of the RDCs are smaller than for axially aligned samples
previous reports for globular proteifsand is a strong indication  at the same level of compressi#itowever, the advantage of
of the accuracy of the RDC data. soaking and compression of the dried gel directly in the NMR

Although thelDyy data are sufficient to demonstrate the tube is the ability to obtain stable and highly homogeneous
alignment of membrane proteins in charged copolymer poly- samples even at low polymer concentrations. The mechanical
acrylamide gels, structure refinement will significantly rely on stability of uncharged 23% gels will not be sufficient to use
additional heteronuclear residual dipolar couplings. To assessother methods relying on gel manipulati#riwe show that the
the feasibility of measuring additional heteronuclear RDCs from degree of OmpA alignment in such compressed gels is more
3D experiments, we prepared a sampléf3C, 15N OmpA in than adequate for structure calculations, with measured values
a compressed 56S gel. Selected regions of the TROSY-based of 1Dy up to 25 Hz. Because of the low gel concentration, the
HNCO experiment for determination éDcc, couplings are diffusion of the proteir-detergent complex within the gel is
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