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ABSTRACT: Mutagenesis data suggest that BNIP3 transmembrane domain dimerization depends critically on
hydrogen bonding between His 173 and Ser 172, but a recent structural analysis indicates that these residues
adopt multiple conformations and are not always hydrogen bonded. We show that in dodecylphosphocholine
micelles the structure of the BNIP3 transmembrane domain is modulated by phospholipids and that
appropriate reconstitution and lipid titration yield a single set of peptide resonances. NMR structure
determination reveals a symmetric dimer in which all interfacial residues, including His 173 and Ser 172, are
well-defined. Small residues Ala 176, Gly 180, and Gly 184 allow close approach of essentially ideal helices in a
geometry that supports intermonomer hydrogen bond formation between the side chains of His 173 and Ser
172. Bulky residues Ile 177 and Ile 181 pack against small residues of the opposite monomer, and favorable
polar backbone—backbone contacts at the interface likely include noncanonical Ca—H-0O=C hydrogen
bonds from Gly 180 to Ile 177. Modeling mutations into the structure shows that most deleterious
hydrophobic substitutions eliminate the His—Ser hydrogen bond or introduce an intermonomer clash,
indicating critical roles for sterics and hydrogen bonding in the sequence dependence of dimerization.
Substitutions at most noninterfacial positions do not alter dimerization, but the disruptive effects of
substitutions at Ile 183 cannot be rationalized in terms of peptide—peptide contacts and therefore may

indicate a role for peptide—detergent or peptide—lipid interactions at this position.

The lateral association of single transmembrane domains
(TMDs)" within a bilayer to form higher-order structures pro-
vides opportunities to study structural and energetic contribu-
tions to membrane protein folding (reviewed in ref (7)). Isolated
single spanning TMDs are likely to adopt canonical helical
geometry and rotameric side chain orientations because these
conformations correspond to local free energy minima. The
structure of the glycophorin A TMD dimer (2) revealed that
the interfacial side chains adopt backbone-dependent rotamer
conformations (3) that correspond to local energy minima for
each residue within a helical monomer while also providing
favorable backbone—backbone and backbone—side chain inter-
actions in the context of the dimer. This example supports a strict
interpretation of the two-stage model of membrane protein
folding proposed by Popot and Engelman (4): a hydrophobic
sequence directed to membranes will form an a-helix, and such
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helices can associate laterally through favorable enthalpic inter-
actions to form a bundle. Residues important for glycophorin A
dimerization (5, 6) map to the dimer interface (2), and the
qualitative effects of mutations can be rationalized in terms of
the structure (7). The contributions of interfacial residues to the
thermodynamics of glycophorin A dimerization in detergents can
be complex (8—10) but are largely consistent with the structure
and with measurements taken in membranes (/7). Although
structural measurements in bilayers indicate slight conforma-
tional changes compared to detergents (12), the glycophorin A
system adopts a stable dimeric structure that serves as an icon for
thinking about interactions between single spans.

Despite the significance of the glycophorin A system, a rigid
application of the two-stage model is not appropriate for all
interacting TMDs. Some sequences directed to membranes
require lateral interactions to achieve full helicity (13) or even
to be fully incorporated into bilayers (/4). Folding of an integral
membrane protein can drive side chain or backbone conforma-
tions away from local energy minima: many polytopic proteins
contain significantly kinked transmembrane helices or re-entrant
loops. Populating a single low-energy structure is clearly not
desirable for the many membrane channels, pumps, and trans-
porters that undergo functionally important conformational
changes within the membrane. Lateral associations of single
spanning TMDs into helical bundles can exhibit complexity
similar to that of polytopic membrane proteins: detailed
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structures of the M2 channel from influenza virus (15, 16) provide
a basis for evaluating functionally relevant lipid-dependent
conformational states (/7) and pH-dependent conformational
changes (18, 19) of the channel. The combination of thermo-
dynamic investigations of the sequence dependence of oligomer-
ization and activity (20) and high-resolution structures (/6) has
identified trade-offs among stability, function, and drug resis-
tance in this clinically important molecule (27). As structures of
oligomeric TMD systems become available (22— 24), quantitative
analysis of the energetics of lateral association (reviewed in
ref (25)) should help our general understanding of the folding
energetics of globular, polytopic helical bundle membrane pro-
teins. A sufficiently detailed understanding of individual oligo-
meric TMD systems could also lead to inhibitors of protein—
protein interactions with roles as therapeutic agents (26).

BNIP3, a “BH3-only” member of the Bcl-2 superfamily of
proteins, is induced in response to hypoxia (27) and is a central
player in the hypoxia-induced death of both normal and malig-
nant cells (28). We have shown that the TMD of BNIP3 forms
dimers in detergent and in membranes (29), and we have
investigated the sequence dependence of this homodimerization
in detergent (30). The residues critical to dimerization include a
“glycine zipper” motif (37) (Ala 176, Gly 180, and Gly 184) and
two residues with polar side chains, Ser 172 and His 173. Our
mutational analysis showed that the side chain oxygen of Ser 172
is essential for dimerization: mutations to Ala or Gly abolish the
interaction (30). On the basis of this and additional mutagenesis
data, we proposed that the two polar residues form intermono-
mer side chain—side chain hydrogen bonds that contribute to
dimer stability (30).

Hydrogen bonds make important contributions to membrane
protein stability because dipolar interactions are minimally
screened in a low-dielectric environment (32). Additionally, poor
partitioning of water into the apolar membrane core leaves few
alternate hydrogen bonding partners for any membrane-buried
polar groups. The formation of hydrogen bonds between main
chain atoms enables polypeptides to partition into and span
bilayers (33, 34), explaining the predominance of -barrels and
a-helices as membrane protein architectures (35). Modified
proteins that lack particular main chain hydrogen bonding
partners are difficult to generate, precluding direct measurement
of the contributions of individual main chain hydrogen bonds to
protein stability, but side chain hydrogen bonding partners are
readily altered by mutagenesis. Protein design experiments have
shown that a single polar residue can drive strong association of
an otherwise hydrophobic helix in membranes and in deter-
gents (36, 37), with each monomer stabilized within the oligomer
by 12 kcal mol ™" (38). In contrast, eliminating an intermono-
mer side chain—side chain hydrogen bond has only modest
effects on dimerization of a f-barrel membrane protein (39).
Eliminating single side chain hydrogen bonds destabilizes bacter-
iorhodopsin by as much as 1.7 kcal mol ™", but such changes often
only minimally perturb protein stability, with the average effect
being rather modest (0.6 kcal mol™") (40). Understanding why
some side chain—side chain hydrogen bonds make significant
energetic contributions to membrane protein stability while
others do not is a challenge for membrane structural biology
and biophysics.

Thermodynamic measurements in the BNIP3 system could
extend this analysis, but the His—Ser hydrogen bonds inferred
from our mutagenesis study have not been clearly demonstrated
structurally. DeGrado and colleagues used a computational
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approach to predict the structure of the BNIP3 interface; in their
model, one His—Ser pair forms an intermonomer hydrogen bond
but the other does not (41). Arseniev and colleagues published a
family of solution NMR structures of the BNIP3 TMD peptide
dimer solubilized in DHPC/DMPC bicelles in which His 173 and
Ser 172 are usually close enough to hydrogen bond; however, the
His side chain is not well-defined across all family members, and
some structures are not consistent with intermonomer hydrogen
bond formation (42). These authors observed heterogeneities in
the chemical shifts of residues Ser 172 and Ala 176 that they
indicate are consistent with slow exchange between different
conformers; they conclude that the BNIP3 TMD peptide as-
sumes multiple states, particularly in the region of these inter-
facial residues (42). Here, we present a solution NMR study of
the BNIP3 TMD in the detergent dodecylphosphocholine
(DPC). We show that chemical shift heterogeneities seen in our
detergent-solubilized preparations can be altered or eliminated
by titrating phospholipids into the sample. Using a sample that
exhibits a single set of resonances throughout, we determine the
structure of the BNIP3 TMD peptide dimer and identify a single,
well-defined conformation for the dimer interface that includes a
symmetric pair of His—Ser side chain—side chain hydrogen
bonds. We also present a structure-based analysis of how
hydrophobic mutations could affect dimerization of this mem-
brane span.

EXPERIMENTAL PROCEDURES

BNIP3 TMD Peptide Production, Purification, and
NMR Sample Preparation. We used the pT7SN/BNIP3
plasmid construct (29, 30) for high-level expression of a SN—
BNIP3TM fusion protein in Escherichia coli to obtain large
amounts of the BNIP3 TMD by trypsin cleavage (29, 43). The
construct employed has a stop codon after residue 188 because
this truncation did not affect dimerization (30) and also has
residue 152 deleted because adjacent lysine residues (Lys 152 and
Lys 153) generated a mixture of trypsin fragments. This deletion
does not affect dimerization of the SN—BNIP3TM fusion
protein or heterodimerization of the fusion protein with the
peptide, and trypsin cleavage of the TR188/ALys152 construct
generates a single 35-amino acid BNIP3 TMD peptide with the
native  sequence GGIFSAEFLKVFLPSLLLSHLLAIGL-
GIYIGRRLT.

Expression of the [U-C,”> N]JSN—BNIP3TM Fusion
Protein. E. coli BL21(DE3) cells were transformed with the
pT7SN/BNIP3TM vector, and we created glycerol stocks by
inoculating colonies in 5 mL of LB medium supplemented with
50 ug/mL carbenicillin, shaking them at 37 °C until they reached
an ODgyo of ~0.2, bringing aliquots of culture to 15% (v/v)
glycerol, and storing them at —80 °C. Both labeled and unlabeled
proteins were expressed by growing cell cultures in M9 minimal
medium; for expression of the labeled protein, the M9 medium
was prepared with ['*Clglucose and "NH,CI. Expression of the
SN—BNIP3TM fusion protein was started by inoculating from a
glycerol stock into 5 mL of M9 minimal medium supplemented
with 50 ug/mL carbenicillin and 100 uL of LB. The culture was
shaken overnight at 37 °C, diluted 1:200 in 1 L of fresh M9
minimal medium supplemented with 50 ug/mL carbenicillin, and
shaken at 37 °C until it reached an ODg of ~1.0, when protein
expression was induced via addition of 0.5 mM IPTG. After
being shaken for an additional 3 h at 37 °C, the cells were
harvested by centrifugation at 10000g for 10 min.
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Extraction and Purification of the SN—BNIP3TM Fu-
sion Protein. The cell pellet was resuspended in a 1:20 culture
volume of lysis buffer [20 mM Tris-HCl and 2 mM EDTA
(pH 8.0)] and subjected to three rounds of freezing and thawing
followed by probe sonication to lyse the cells. Next, 10 mM CaCl,
and 0.1 mg/mL hen egg white lysozyme were added, and the
whole cell lysate was incubated on ice for 30 min to allow cleavage
of the chromosomal DNA by SNase. The whole cell lysate was
then centrifuged at 12000g for 20 min; the supernatant was
removed by decantation and discarded, and the pellet was
subjected to successive washes in (1) lysis buffer containing
1 M ammonium acetate and (2) lysis buffer containing 2%
(w/v) Thesit (Fluka). During each wash, the resuspended pellet
was probe sonicated and separated from the soluble fraction by
centrifugation at 12000g for 20 min. The SN—BNIP3TM fusion
protein was extracted from the twice-washed pellet by sonication
with lysis buffer containing both 1 M ammonium acetate and 2%
(w/v) Thesit and recovered from the supernatant after centrifu-
gation at 12000g for 20 min. This supernatant was dialyzed
extensively against lysis buffer with 100 mM ammonium acetate
and 0.2% (w/v) Thesit to lower both ammonium acetate and
Thesit concentrations, clarified by centrifugation at 12000g for 30
min, and passed over a DES52 column. The DES2 flow-through
was bound to a CM52 column, and the fusion protein was eluted
with lysis buffer containing 400 mM ammonium acetate and
0.2% (w/v) Thesit.

Generation and Purification of BNIP3 TMD Peptide.
BNIP3 TM peptide was isolated from the SN—BNIP3TM fusion
protein by cleavage with 0.1 mg/mL trypsin for at least 8 h. The
digestion product was dialyzed against lysis buffer to remove SN
fragments, excess Thesit, and ammonium acetate. The cleaved,
dialyzed material was lyophilized to dryness, and Thesit was
extracted by washing with hexane and with a hexane/n-butanol/
acetic acid mixture (6:1:0.1), two or three rounds each. The
remaining peptide was purified with reversed-phase HPLC using
a phenyl column and a gradient of acetonitrile and isopropyl
alcohol (3:2) in water with 0.1% (v/v) trifluoroacetic acid. The
identity and purity of the BNIP3 TM peptide collected from
HPLC was confirmed by MALDI-TOF.

NMR Sample Preparation. The sample for NMR structure
determination was reconstituted with a final composition of 0.4
mM [U-"*C,">NIBNIP3 TMD peptide and 0.6 mM unlabeled
BNIP3 TMD peptide in 128 mM dsg-dodecylphosphocholine
(DPC, Cambridge Isotope Laboratories) and 10 mM sodium
phosphate (pH 5.1) in a volume of 350 L. Dried, HPLC-purified
BNIP3 TMD peptide was resuspended and completely dissolved
in hexafluoroisopropanol and water (1:1), and an amount of
detergent that would correspond to the final conditions was
added dropwise as a concentrated (~10%) aqueous solution to
the peptide solution with mixing. Water was added to the sample
dropwise until the detergent formed micelles (bubbles that form
upon agitation persist rather than immediately popping), usually
at hexafluoroisopropanol:water ratios between 1:2 and 1:4; care
was taken to ensure that neither phase separation nor precipita-
tion occurred in this step. The mixture was frozen rapidly in
liquid nitrogen and lyophilized at low pressure and with the
lyophilization bell jar chilled to prevent the peptide/detergent
mixture from thawing, which can lead to peptide aggregation. To
completely drive off organic solvents, samples were dissolved in
water, frozen in liquid nitrogen, and lyophilized again. The
completely dried peptide/detergent sample has a white, fluffy
appearance (does not look greasy) and instantly dissolves in
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200 uL of water. After the sample was brought to the target
volume, including 10% (v/v) D,O, NaH,PO4 was added to a final
concentration of 10 mM and the pH was adjusted to 5.1 without
correcting for the deuterium isotope effect. An internal standard
[3-(trimethylsilyl)propionic acid-d,, sodium salt] was added to a
final concentration of 0.1 mM.

Lipid Preparation. Aliquots of 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC-d;s, Avanti) or 1,2-dipalmitoyl-sn-gly-
cero-3-phosphate (DPPA-dy,, Avanti) from chloroform stocks
were dried by blowing argon or nitrogen gas, followed by vacuum
drying. The dried lipids were resuspended in a 5% (w/v) aqueous
dz3-DPC solution with 10% (v/v) D,O. To ensure incorporation
of the lipids in the DPC micelles, the mixture was incubated at
50 °C and sonicated briefly in a water bath sonicator. Addition of
these aqueous lipid mixtures to reconstituted peptide/detergent
NMR samples (described in the previous paragraph) diluted the
peptide without changing the concentration of detergent. Opti-
mal spectra were obtained after the addition of 10 mM dss-
dipalmitoylphosphatidylcholine (DPPC); some spectra were also
recorded after addition of dg,-dipalmitoylphosphatidic acid
(DPPA). Unlabeled samples of lipids were prepared in the same
manner and mixed with detergent-reconstituted doubly labeled
peptide to generate samples used to search for intermolecular
lipid—protein NOEs.

NMR Experiments. All spectra were recorded at 40 °C on
Varian Inova spectrometers equipped with triple-resonance cold
probes; most data were acquired at 800 MHz, but pulse sequences
using °C isotropic mixing were acquired at 600 MHz. The
quality of BNIP3 TMD peptide samples was evaluated using
two-dimensional (2D) '"H—"°N heteronuclear single-quantum
coherence (HSQC) spectra and "H—"3C HSQC spectra (methyl
region). Standard triple-resonance sequences were implemented
using the BioPack suite. NOE mixing times of 50 ms were used,
except for a half-filtered NOESY-CN-HSQC spectrum (44),
which was acquired with a 60 ms mixing time. *J couplings were
calculated from intensities in a three-dimensional (3D) HNHA
spectrum and in 2D spin—echo difference spectra (45, 46).
Spectra were processed using NMRPipe (47) and analyzed using
Sparky (T. D. Goddard and D. G. Kneller, SPARKY 3,
University of California, San Francisco).

Assignments. Backbone resonance assignments for opti-
mized BNIP3 TMD peptide samples were obtained using stan-
dard triple-resonance experiments (HNCA, CBCACONNH,
and HNCO). These spectra (and all 2D correlation spectra)
reveal only a single set of resonances, consistent with a single
symmetric conformation for each monomer within the dimer.
Aliphatic side chain chemical shifts were assigned using 3D H(C)
CH-COSY and (H)CCH-TOCSY spectra, and most aromatic
chemical shifts were assigned using HBCBCGCDHD and
HBCBCGCDCEHE spectra (48) in combination with 2D HSQC
spectra; through-space correlations from a 3D NOESY-HSQC
spectrum optimized for aromatic protons were used to assign the
Phe HE and C¢ resonances. This spectrum also yielded NOE
distance restraints resolved in two aromatic chemical shift
dimensions, which helped resolve some chemical shift ambiguities
in NOE assignments. The aromatic Cy shifts were recorded using
a modification of the HBCBCGCDHD experiment (48). °J
couplings were calculated from intensities in a 3D HNHA
spectrum and in 2D spin—echo difference spectra (43, 46).

Restraints and Structure Calculation of the BNIP3
TMD Peptide Dimer. We calculated the structure of the
BNIP3 TMD peptide dimer using ARIA version 1.2 (49) and
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FiGure 1: Effect of DPPC on spectra of the BNIP3 TMD peptide in DPC micelles. 2D heteronuclear correlation spectra acquired at 800 MHz,
40 °C, 5% DPC, and pH 5.1 show how backbone amides (A—C), isoleucine methyls (D—F), and valine/leucine methyls (G—1I) of a single BNIP3
TMD peptide sample are affected by lipid titration. Panels A, D, and G were acquired with no lipid present; panels B, E, and H are spectra of the
same sample acquired after addition of 2.5 mM DPPC dissolved in DPC, and panels C, F, and I were acquired after the concentration of the added
DPPC had been increased to 10 mM. The concentration of DPC in the aliquots of added lipid was 5%, meaning that lipid addition dilutes the
peptide slightly but does not alter the concentration of the detergent. Peaks marked with an asterisk in panels D—F are residual 'H in deuterated

DPC or DPPC. The sequence of the BNIP3 peptide is given in panel J.

CNS (50). The experimental restraints used in this calculation
include ambiguous and intermonomer NOE distance restraints,
backbone and side chain torsion angle restraints, and hydrogen
bond restraints for the a-helical regions. Each NOE peak from
our 3D "C- or "N-edited NOESY HSQC spectra could
correspond to an intramonomer contact, an intermonomer
contact, or a combination thereof. This ambiguity was explicitly
identified in the ARIA input files, and each NOE was converted
into a pair of ambiguous restraints: one restraint from proton
1 monomer A to proton 2 monomer A or B and another from
proton 1 monomer B to proton 2 monomer A or B. Each
exclusively intermonomer NOE from a half-filtered 3D CN-
NOESY-HSQC spectrum (44) was converted to a pair of
unambiguous restraints: one restraint from proton 1 monomer
A to proton 2 monomer B and another from proton 1 monomer
B to proton 2 monomer A. Slight modifications to ARIA 1.2 and
CNS code were made to allow ARIA 1.2 to handle a homo-
dimeric complex (code available in the Ph.D. Thesis of E. S.
Sulistijo through The University of Michigan, Ann Arbor, MI).
Intermonomer NOE restraints from the half-filtered spectrum
were flagged to prevent ARIA from rejecting these restraints at
early stages of the structure calculation. Although we generate
identical distance restraints for each monomer because we
observe a single set of resonances, no symmetry restraints are

applied in the structure calculations, and the ARIA iterative
assignment procedure is free to alter NOE assignments in an
asymmetric manner. Beginning with two BNIP3 TMD peptide-
extended monomers, ARIA calculated 50 conformers using
simulated annealing in CNS, and the 20 lowest-energy structures
were selected for further refinement and analysis in a total of nine
iterations. Ramachandran statistics were calculated with PRO-
CHECK (51), which is embedded in the ARIA suite, and
PYMOL (DeLano Scientific) was used to visualize the structures.

RESULTS

Low Mole Fractions of Phospholipids Alter BNIP3
TMD Peptide NMR Spectra in DPC Micelles. Samples
of the purified 35-amino acid BNIP3 TMD peptide reconstituted
in the detergent dodecylphosphocholine (DPC) give reason-
ably well dispersed "H—'""N HSQC spectra (Figure 1A), but
modifying the pH or altering the reconstitution conditions
did not enable us to detect all 33 potentially observable amide
peaks. Most amide correlations were similar in intensity; how-
ever, several resonances were faint, broad, or observable only in
select preparations, and several amides, including those subse-
quently assigned as Ser 172 and His 173, were present as two
peaks, suggesting that the peptide was not conformationally
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homogeneous. To test for a possible role of phospholipids in
stabilizing the peptide conformation, we added dipalmitoylpho-
sphatidylcholine (DPPC) solubilized in DPC micelles to NMR
samples of peptide previously reconstituted in 5% DPC. Adding
2.5 mM DPPC (2.5 lipids per peptide, 1 lipid per 50 detergent
molecules) considerably improved the appearances of many
peaks in the "TH—""N HSQC spectrum (Figure 1B); additional
improvements were seen when the lipid concentration was
increased to 5 and 7.5 mM (not shown), with little further change
seen at 10 mM (Figure 1C). Using the assignments obtained from
the sample at 10 mM DPPC, the peaks whose intensities
increased upon titration with DPPC correspond to every amide
resonance from Lys 163 through His 173. Many of these
resonances, including Ser 172, experience systematic changes in
'H and/or "N chemical shift with lipid titration (Figure 1 of the
Supporting Information). It appears that the addition of lipid
stabilizes a single conformation of the N-terminal portion of the
transmembrane domain and the juxtamembranous region with-
out greatly affecting the C-terminal part of the peptide. We note
that the chemical shift heterogeneity observed by Arseniev and
colleagues for the amides of Ser 172 and Ala 176 (42) is absent in
our optimized samples.

Inspection of the methyl regions of "H—"*C HSQC spectra of
these same samples reveals considerable heterogeneity in the
lipid-free samples that is eliminated by DPPC titration. Both the
y and ¢ methyls of Ile 156 give multiple peaks in the absence of
lipid, whereas the methyls of Ile 177, Ile 181, and Ile 183 give
single peaks with or without DPPC (Figure 1D—F). In the
absence of lipid, the y methyls of Val 164 also give multiple
peaks, which collapse into two peaks at 10 mM DPPC. The
leucine 0 methyl region is quite crowded, so that the additional
peaks seen at low lipid cannot be assigned with certainty from the
spectra at 10 mM DPPC; however, it appears that at least one
Leu 169 6 methyl is greatly enhanced and that both ¢ methyls of
Leu 162 and Leu 166 are enhanced upon lipid titration. These
findings agree with the conclusions drawn from the amide spectra
that the N-terminal region of the TMD and the N-terminal
juxtamembranous region are most affected by DPPC titration.
The observation that the resonances of Ile 156 y and 0 methyls
are affected by lipid titration shows that the lipid influence
extends nearly to the peptide N-terminus. Although we use
"H—""N HSQC (or TROSY) as the primary tool for evaluating
conformational homogeneity of membrane peptide samples, 2/J
CT 'H-"*C HSQC identified the existence of multiple conforma-
tions more readily in this instance. The presence of multiple peaks
in these spectra was not significantly affected by a change in the
acquisition temperature, by freezing and thawing, or by main-
taining the samples at 80 °C for extended periods prior to the
acquisition of data.

The dramatic improvements in BNIP3 TMD peptide spectra
upon DPPC titration led us to test other lipids for similar effects.
Phosphatidylcholines are abundant in the mitochondrial mem-
branes targeted by BNIP3, but so are phosphatidic acids. Adding
detergent-solubilized dipalmitoylphosphatidic acid (DPPA) to
BNIP3 peptide in DPC resulted in a similar improvement to
N-terminal amides in the "H—""N HSQC spectra (not shown) as
seen with the DPPC titration. However, close inspection reveals
that the presence of 10 mM DPPA also induces conformational
heterogeneity of residues in the C-terminal region of the peptide.
The 'H-""N HSQC spectra of DPPC- and DPPA-titrated
peptide show that many single peaks in the DPPC sample
(Figure 2A) appear as double peaks in the DPPA sample
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FIGURE 2: Backbone assignments of the C-terminal region of the
BNIP3 TMD peptide in the Jpresence of 10 mM DPPC or DPPA.
Selected regions of 2D "H—'°N HSQC spectra at 800 MHz, 40 °C,
5% DPC, and pH 5.1 in the presence of (A) 10 mM DPPC or (B) 10
mM DPPA are shown with peak assignments. Peaks seen in DPPC as
well as in DPPA are labeled in black; peaks seen in DPPA but not
DPPC are labeled in red. Strips from the 3D HNCA spectrum of the
DPPC sample are shown in panel C in black; each plot is centered at
the '°N plane of the indicated backbone amide. For strips from the
HNCA spectrum of the DPPA sample (D), plots for each of the two
observed amides are presented as overlays. The plot from the N
plane of the amide peak seen in both DPPC and in DPPA is colored
black. The plot from the '*N plane of the amide peak seen only in the
DPPA sample is colored red (the corresponding amides are labeled in
red in panel B).

(Figure 2B). Additional peaks are clearly associated with amides
from the C-terminal region of the TMD (Ile 181, Ile 183, Gly 184,
Arg 185, Arg 186, Leu 187, and Thr 188). We assigned the
backbone resonances of both the DPPC sample and the DPPA
sample using standard through-bond triple-resonance methods.
Whereas a single set of resonances is observed for the DPPC
sample in HNCA slices (Figure 2C), two conformations with
similar intensities but slightly different chemical shifts exist for
the amides of residues Ile 181—Thr 188 in the DPPA sample
(Figure 2D). The existence of at least two conformations at the
C-terminal end of the peptide in DPC and DPPA is further
supported by the methyl regions of 'H—"3C HSQC spectra
(see Figure 2 of the Supporting Information).

Resonance Assignments and Structure Determination of
the BNIP3 TMD Peptide. Given the varying quality of the
spectra under different sample conditions, we chose to pursue
side chain assignment and structure determination of the BNIP3
TMD peptide in 5% ds3-DPC and 10 mM d,5-DPPC at pH 5.1.
Using standard triple-resonance methods, we assigned 97% of
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Table 1: Observed His 173 Chemical Shifts and Expected Shifts” for His
Tautomers and the Protonated State

neutral tautomers charged observed

Ne2H (ppm) NOIH (ppm) Ne2H/NOIH (ppm) His 173 (ppm)

Cy 136.8 128.8 129.7 128.0
Co2 121.9 128.5 120.2 126.3
Cel 140.9 141.3 136.5 135.5
Nol 249.5 167.5 176.5 167.3
Ne2 167.5 249.5 176.5

“Expected chemical shift values were taken from refs (52) and (53). It is
not clear which nitrogen of His 173 has a shift of 167.3 ppm.

backbone resonances, 95.8% of all peptide hydrogens, and 100%
of all nonexchangeable peptide hydrogens. The 2D and 3D
correlation spectra reveal only a single set of resonances, con-
sistent with a single symmetric conformation for each monomer
within the dimer. Nine exchangeable hydrogens are not observed:
the amino terminus, the three serine Hy atoms, the threonine Hy
atom, the tyrosine Hy atom, the histidine Ho1 and He2 atoms,
and the lysine HC atom. All observed chemical shifts are well
within expected ranges; indeed, the chemical shift dispersion is
quite low. As listed in Table 1, the chemical shifts of His 173 do
not permit us to assign the side chain as charged or as a given
tautomer. The His 173 Cel chemical shift is consistent with a
protonated side chain (52); the Co2 shift is more consistent with
the NO1H neutral tautomer than with the Ne2H tautomer or a
charged side chain (52), and the Cy chemical shift is more
consistent with the charged state or the NO1H tautomer than
with the Ne2H tautomer (52). No two- or three-bond "H—"°N
correlations between HO2 or Hel and the imidazole nitrogens
could be detected; the failure to detect two- or three-bond
"H—"°N correlations has been reported for a histidine in slow
to intermediate exchange between a neutral tautomer and the
charged side chain (53). We obtained a single Hel/Cel/N
correlation at a >N chemical shift of 167.3 ppm (Table 1) that
could be either NO1 or Ne2 and is consistent with the protonated
nitrogen of a neutral tautomer. The conflicting chemical shift
data mean we cannot assign the tautomeric state of His 173. For
the purposes of our calculations and deposited structures, we
represent His 173 as having both exchangeable hydrogens
because it is easier for most users to remove a hydrogen atom
than to add one.

Chemical shift index analysis (54) of the Ho, Ca, C', and Cf
chemical shifts indicates that the peptide is a-helical from Ala 159
to Lys 163 and from Leu 166 to Arg 186, with all other residues
scoring as random coil (Figure 3 and Figure 3 of the Supporting
Information). Backbone NOE cross-peak patterns also indicate
that the peptide is a-helical on these intervals (Figure 3), although
in a few instances these NOEs are ambiguous due to chemical
shift overlap. On the basis of these data, we applied helical torsion
angle restraints (¢ and ) and hydrogen bonding distance
restraints for residues 168—185. Using spin—echo difference
methods (45, 46), we acquired J coupling data that directly
yielded 11 y; restraints and other J coupling data that when
combined with NOE intensity data yielded four y, torsion
restraints.

Our initial structure calculations are based on 981 NOEs from
3D (N- or "*C-separated) NOESY-HSQC spectra and 33
unambiguous intermonomer distance restraints from a half-
filtered 3D CN-NOESY-HSQC spectrum (Table 2) (44). Because
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FIGURE 3: Chemical shifts and NOE patterns identify a long o-helix
in the BNIP3 TMD peptide. Intraresidue or sequential NOEs con-
sistent with a-helical backbone geometry are indicated by solid
blocks (strong peaks), half-blocks (moderate peaks), or gray blocks
(strong peaks with redundant chemical shifts). Short-range inter-
residue NOEs consistent with o-helical backbone geometry are
indicated by solid lines or by dotted lines when chemical shift
redundancy affects the identification of the peak. Chemical shift
index consensus scores are presented as boxes. Overall scores for
chemical shift index are presented as white boxes; complete secondary
shifts are available in Figure 3 of the Supporting Information.

Table 2: Assignments for Observed Half-Filtered NOE Cross-Peaks and
Intermonomer Distance Restraints Calculated from the Peak Volumes by
ARIA

distgnce lower . upper
(A) bound (A) bound (A)

Leu 169 HO1 Phe 165 (He or HE) 3.5 1.5 1.5
Leu 169 H62 Phe 165 (He or HE) 3.7 1.7 1.7
Leu 169 H62 His 173 Hel 3.1 12 1.2
Leu 169 HO1 Leu 169 (HOl or HO2) 3.1 1.2 1.2
His 173 Hoo  His 173 HO2 33 1.3 1.3
Ala 176 HB  Ile 177 HO1 3.6 1.6 1.6
Ala 176 HB  His 173 Ho 3.0 1.2 1.2
Ala 176 HB  His 173 Ho2 2.6 0.8 0.8
Ala176 HB  Ala 176 HB 2.5 0.8 0.8
Ala 176 HB  Ile 177 HN 34 1.5 1.5
Ala176 HB  Ile 177 Ha 3.6 1.7 1.7
Ala 176 HB  Ile 177 Hy12 2.9 1.0 1.0
Ala 176 HB  Tle 177 Hy13 27 0.9 0.9
Ile 177 HO1  Ala 176 Hat 3.5 1.5 1.5
Ile 177 HO1  Leu 179 HOl 26 0.9 0.9
Tle 177 Hy2  Leu 179 HA2 3.8 1.8 1.8
Tle 177 Hy2  Gly 180 Ha2 3.5 15 L5
lle 177 Hy2  1le 177 Ha 43 2.3 1.7
Ile 177 Hy2  Leu 179 HB3 3.8 1.8 1.8
Ile 177 Hy2  Gly 180 HN 3.2 1.3 1.3
Tle 177 Hy2  Gly 180 Ha3 32 1.3 13
lle 177 Hoo  1le 177 Ha 3.3 1.3 1.3
Leu 179 Hy 1Ile 177 Hy2 42 22 1.8
Gly 180 HN  TIle 177 Ha 3.3 1.3 1.3
Ile 181 Hy2  Gly 184 Ha2 34 15 1.5
Ile 181 Hy2  Gly 184 Ha3 34 1.5 1.5
Ile 181 Hy2  Gly 184 HN 4.1 2.1 1.9
Tle 181 Hy2  Ile 183 HO1“ 29 1.1 1.1
Ile 181 Hoo  Ile 183 Hy2* 44 2.5 1.6
Ile 181 Ho  Gly 184 Ha2 3.3 1.3 1.3
lle 181 Ha  Gly 184 Ho3 44 25 1.6
He 183 HA  1Ile 181 HOl 3.5 1.5 1.5
Gly 184 HN Tle 181 HA 32 1.3 13

“ Assignments for which ambiguities remain because of chemical shift
redundancies, even after iterative ARIA calculations.
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FIGURE 4: Unambiguous intermonomer NOEs and distance re-
straints. (A) Strips from a 3D half-filtered NOESY spectrum ac-
quired on a mixture of labeled and unlabeled BNIP3 TMD peptide
are shown for hydrogens of residues that participate in at least three
intermonomer NOEs. Peaks assigned on the basis of chemical shift
alone are labeled; some unlabeled peaks were assigned by ARIA.
Redundancy in methyl "H chemical shifts (14 methyls between 0.80
and 0.88 ppm) complicates assignment of peaks at these indirect 'H
shifts, but the same structural information is obtained from strips
where the methyls are resolved from one another in the '*C and direct
"H dimensions and the NOE partner is identified by a more unique
indirect "H shift. For instance, the upfield peak in the G180 H™ strip
cannot be unambiguously assigned on the basis of the indirect 'H
chemical shift, but the strip for 1177 Hy2 shows a peak at the shift of
G180 H. (B) Distribution of intermonomer distance restraints along
the peptide sequence. Each unique NOE peak has been counted
twice: once for the residue of the directly observed hydrogen and once
for the residue of the hydrogen in the indirect dimension. Redundant
peaks that give the same information from different parts of the 3D
spectrum have been eliminated from this count. For instance, the
close intermonomer approach of G180 H™ and 1177 Hy2 results in a
cross-peak in both the G180 HY column and the 1177 Hy2 column of
the half-filtered NOESY spectrum. One of these peaks is discarded,
and the remaining peak counts for both G180 and 1177.

the sample contains a mixture of unlabeled and fully "*N- and
C-labeled BNIP3 TMD peptide, NOE cross-peaks in the half-
filtered spectrum can arise only from cross-relaxation of hydro-
gens on one monomer by hydrogens on the other monomer. Ten
residues exhibit intermonomer NOEs, and seven residues parti-
cipate in more than three such NOEs: Leu 169, His 173, Ala 176,
Ile 177, Gly 180, Ile 181, and Gly 184. Strips from the half-filtered
NOESY-HSQC spectrum for hydrogens from each of these
residues are presented in Figure 4A, and the distribution of
NOE-derived intermonomer distance restraints along the se-
quence is depicted in Figure 4B. Many NOE peaks are observed
at the direct 'H chemical shift of each NOE partner, resulting in
redundant NOE information; Figure 4 reports the number of
independent intermonomer distance restraints after doubly
counted peaks had been filtered out. Most NOE peaks were
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assigned by hand, but some assignments were obtained during
iterative cycles of assignment and structure calculation with
ARIA 1.2 (49) (see Experimental Procedures). With ~30 NOEs
per residue and 33 unambiguous intermonomer NOEs, we have
sufficient restraints to define the structure with good precision.

Structure of the BNIP3 TMD Dimer. Structure determi-
nation using ARIA 1.2 (see Experimental Procedures) yielded an
ensemble of 20 low-energy structures (Protein Data Bank entry
2kal, BMRB accession number 16012) that satisfy the restraints
of the NMR data (Table 3). Figure 5 shows the family of BNIP3
TMD peptide dimer structures and a stereopair close-up of the
interacting region. The structures indicate that the BNIP3 TMD
peptide dimer is symmetric and crosses with a right-handed
orientation, with a crossing angle of approximately —34°, and
there is a high degree of convergence of the family of structures,
particularly in the membrane-spanning region (residues 167—
184). The dimer interface is composed of residues 172, 173, 176,
177, 180, 181, and 184. We previously identified five of these
residues as being important for BNIP3 TMD dimerization on the
basis of mutagenesis data (30). The dimer is closely packed,
especially at positions 176—184, with the closest approach of the
helices near Gly 180, wh§re the Ca—Cao distance between the two
monomers is 4.0 + 0.3 A.

Intermonomer Side Chain Hydrogen Bonds at the
BNIP3 Dimer Interface. Although the exchangeable hydro-
gens of His 173 are not observed, structure calculations that
include half-filtered NOEs to the nonexchangeable C62H and
CelH protons consistently orient the His side chain close to a
favored rotamer (3) for o-helices (y; = —74°% y, = 82°) and in
position to participate in an intermonomer hydrogen bond
between His Ne2 and the Oy atom of Ser 172 (see Table 4).
For the sake of symmetry in our structure calculations, His 173 is
always present as the protonated imidazole; removal of NO1H (or
Ne2H) from one or both monomers in the dimer could also be
consistent with the chemical shift data (assuming rapid ex-
change). If Ne2H is removed, the hydroxyl proton of Ser 172
on the opposite monomer can rotate to enable this side chain to
donate, rather than accept, the hydrogen bond. The structure of
the BNIP3 TMD dimer therefore indicates that His—Ser inter-
monomer hydrogen bonds form across the BNIP3 helix—helix
dimer interface, supporting our previous conclusion that BNIP3
dimerization is stabilized by intermonomer hydrogen bonds
between His 173 and Ser 172 (30).

The electronegative atoms inferred to form intermonomer
hydrogen bonds in the family of structures described above are
farther apart than what we would expect for a canonical
interaction. We expect that this geometry results in part from
our lack of experimental distance restraints for the exchangeable
hydrogens of the His 173 imidazole ring and the Ser 172 hydroxyl;
all three of these hydrogens exchange rapidly with the solvent. To
test whether the available experimental data are consistent with
an idealized intermonomer hydrogen bond, we added a pair of
intermonomer His Ne2—Ser Oy hydrogen bond distance re-
straints and recalculated the structures. The new family of
structures (Protein Data Bank entry 2ka2) satisfies the experi-
mental restraints equivalently well (see Table 3) and positions the
His 173 side chain to form a shorter, more ideal hydrogen bond
between His 173 Ne2 and Ser 172 Oy (see Table 4). Interestingly,
adding these hydrogen bond restraints brings the side chain
dihedrals for His 173 closer to a rotameric state. This rotamer
positions the imidazole ring so that His 173 NO1H, if present,
could make a favorable intramonomer hydrogen bond with the
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Table 3: NMR Structural Statistics’ and Atomic Root-Mean-Square
Differences

2kal 2ka2

Experimental Restraints per Monomer

no. of NOE restraints

intraresidue 622 622
inter-residue
sequential 192 192
medium-range 114 114
long-range 53 53
unambiguous intermonomer 33 33
no. of hydrogen bond restraints 29 29
no. of torsion angle restraints
backbone ¢ 17 17
backbone 17 17
side chain y; 11 11
side chain y, 4 4
no. of inferred intermonomer 0 1
hydrogen bonds

Structure Statistics

restraint violations

distance (>0.5 A) 0 0

distance (>0.3 A) 0.05 0

dihedral (> 5°) 0 0
deviation from idealized geometry

bonds (A) 0.0011 £ 0.0001  0.0012 + 0.0001

angles (deg) 0.314 £ 0.006 0.316 £ 0.007

impropers (deg) 0.151 £ 0.010 0.151 £ 0.010
deviation from experimental

restraints

NOE 0.0073 £ 0.0018  0.0083 + 0.0011

dihedrals (deg) 0.21 £ 0.05 0.26 + 0.07
rmsd (residues 168—185)

backbone atoms 0.29 £ 0.08 0.29 £ 0.08

all heavy atoms 0.46 £0.11 0.47 £ 0.09
Ramachandran analysis

(residues 168—185)

% residues in most favored region 99.7 99.8

% residues in allowed region 0.3 0.2

% residues in generously 0.0 0.0

allowed region
% residues in disallowed region 0.0 0.0

“Statistics are calculated and averaged over the 20 lowest-energy dimer
structures out of a total of 50 calculated structures.

carbonyl oxygen of Leu 169 (the i — 4 residue of the same helix).
The crossing angles from the two families of structures do not
differ significantly (—34.1 & 2.6° compared to —32.9 £ 2.3° when
the intermonomer hydrogen bond is added), and the rmsd of the
backbone atoms of one family onto the average structure of the
other family is only 0.51 A, indicating that the inclusion of the
inferred intermonomer hydrogen bond does not significantly
alter the global conformation of the BNIP3 dimer structure. We
conclude that the NMR data defining the BNIP3 dimer interface
are consistent with formation of a short intermonomer hydrogen
bond between His 173 Ne2 and Ser 172 Oy.

The only atoms from residues 165—187 that show NOEs to
water are His 173 NH, Co2H, and CelH. These correlations to
imidazole hydrogens presumably arise from cross relaxation with
NO1H and Ne2H, which are in rapid exchange with solvent and
are not observed in ’N—"H correlation experiments. At pH 5.1,
rapid exchange of the His 173 amide proton itself is not feasible,
but the histidine rotamer described above places NO1H in the
proximity of the His 173 backbone amide proton (~2.4 A). Thus,
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rapid exchange of NO1H and Ne2H with solvent would explain
all NOE cross-peaks seen to the water frequency for the hydro-
phobic membrane-spanning region of the BNIP3 peptide. The
absence of any other cross-peaks to the solvent indicates that
water does not partition significantly into this region of the mixed
micelle.

Noncanonical Intermonomer Hydrogen Bonds or Polar
Interactions. The close approach of two BNIP3 helices in our
structure permits intermonomer backbone—backbone packing
interactions that include slightly polar interactions or noncano-
nical hydrogen bonding. Helix—helix packing afforded by
GxxxG TMD dimerization motifs may permit Ca—H-0=C
noncanonical hydrogen bonds to form, and the energetic con-
tributions of these interactions could be significant in apolar
environments (55). Analysis of our family of structures reveals
four such potential contacts (Table 5 and Figure 6), each of which
occurs twice in the symmetric homodimer. The geometric para-
meters listed in Table 5 do not change significantly for structures
calculated with (Protein Data Bank entry 2ka2) or without
(Protein Data Bank entry 2kal) the inferred intermonomer
hydrogen bonds. On the basis of geometric criteria, three of
these interactions are likely to constitute hydrogen bonds,
whereas the G184—1181 interatomic separations are too large.
Because interatomic distances in NMR structures are strongly
dependent on the energy function used to represent van der
Waals interactions in the structure calculation, we looked for
evidence of noncanonical hydrogen bonding in our primary
NMR data. Quantum mechanical calculations indicate that o
hydrogens involved in hydrogen bonds to carbonyl oxygens
would experience significant (1.5 ppm) perturbations in chemical
shift (56). The Gly 180 Ha2 shift is 0.75 ppm downfield from Ha3
and 0.91 ppm downfield from the average Ha2/Ha3 shifts of Gly
178, which, like Gly 180, is in a helix. [Gly 180 Ha2 is sufficiently
downfield that it scores as “sheet” in chemical shift index analysis
(see Figure 3 of the Supporting Information.)] This chemical shift
outlier indicates a unique environment for Gly 180 Ho2 that is
consistent with deshielding caused by noncanonical hydrogen
bonding. Because the Ha resonances of other candidate hydro-
gen bond donors in Table 4 do not show strong chemical shift
perturbations, we are reluctant to classify these as noncanonical
hydrogen bonds. Even if true hydrogen bonds are not formed,
polar interactions between these atoms could still contribute
significantly to dimer stability and specificity, as previously
shown by a purely electrostatic calculation of the contribution
of Ca—H-0O=C interactions to transmembrane helix—helix
energetics (57). We conclude that the structure contains a pair
of noncanonical intermonomer hydrogen bonds between Gly 180
and Ile 177, as well as two more pairs of backbone—backbone
polar contacts that could stabilize or contribute to the specificity
of BNIP3 helix—helix interactions.

Structural Rationalization of the Effects of Mutations
on Dimerization. We previously determined how 200 point
mutations affect BNIP3 TMD dimerization in detergent and
drew inferences about the nature of the dimer interface (30).
In that study, the effects of hydrophobic substitutions provided
the most distinct periodic disruption pattern, which we inter-
preted as defining an interacting surface (30). A comparison
of this disruption pattern with the packing of the dimer structure
interface is shown in Figure 7A, nwhich indicates how many
intermonomer contacts of <4.5 A are made by non-hydro-
gen atoms of each residue in the average structure. Although
many positions that show packing contacts in the structure are
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FIGURE §: Family of BNIP3 TMD NMR structures. (A) All heavy atoms of the family of 20 NMR structures (Protein Data Bank entry 2kal) are
shown, superimposed using the backbone atoms of residues 168—185 with the N-terminal end at the top. Main chain atoms of individual
monomers are colored deep teal or yellow, and side chain atoms are shown in a lighter shade. (B) The well-defined backbone and side chain atoms
of the interacting region are shown as a wall-eyed stereopair; the polar hydrogens of Ser 172 and His 173 side chains are shown to illustrate the
nature of the intermonomer hydrogen bonds.

Table 4: Geometry of His 173 and Ser 172 in Families of Structures Calculated Using NMR Data Alone (2kal) or Including an Inferred Intermonomer

Hydrogen Bond Distance Restraint (2ka2)

His 173 7, (deg) His 173 7> (deg)

Ne—Oy distance (A) Ne—NeH—Oy angle (deg)

2kal —65+3 115+10 4.19+0.30 143+12

2ka2 —63 +2 99+6 3.09+0.11 150+7

Table 5: Intermonomer Contacts That May Constitute Noncanonical Hydrogen Bonds”

C*—H" 0=C £ (deg) £ (deg) 0 (deg) d (A) d(A)
ideal 180 120 0 <2.7 <3.8
range 90—180 100—170 <3.5if & = 120°

2kal

Ile 177 Ala 176 149+6 110£6 —65+15 27402 3.6+0.2

Gly 180 Tle 177 144 +38 133+9 86+ 15 2.6+0.2 3.5+0.2

Ile 181 Gly 180 13349 109+7 =35+15 26+03 34403

Gly 184 Tle 181 147+10 114+9 93421 3.7+04 4.6+0.4

2ka2

Ile 177 Ala 176 146 +7 112+7 —60+13 25+02 34402

Gly 180 Ile 177 14248 131411 89+ 14 26+0.2 35402

Ile 181 Gly 180 134+ 10 113+£9 —18+18 2.6+0.3 34403

Gly 184 Ile 181 143+9 114+10 100 +18 34403 43+0.3

“Nomenclature and ranges are from refs (55) and (69): ¢ is the C*~H®*—0 angle, £ is the H*~0=C angle, 0 is the C*~H*~0=C torsion angle, dy is the

H®-O0 distance, and d is the C*—O distance.

associated with a highly disruptive phenotype, the rank order of
importance for the mutagenesis data and structural parameters
are not in agreement. Ile 181 and Ile 177 rank fourth and fifth in
intermonomer contacts, respectively, ahead of Gly 184, but only
eighth and eleventh, respectively, in the mutagenesis disruption
scale; indeed, dimerization is unaffected by hydrophobic sub-
stitutions at Ile 177. Conversely, Ser 172 ranks seventh on the
packing scale but is tied with three other positions at the top of
the mutagenesis scale: every substitution at Ser 172 fully disrupts
dimerization. These rankings demonstrate that although the
positionally averaged effect of hydrophobic substitutions on
dimerization correctly identifies most interfacial residues, the
mutational data cannot be directly translated into a scale for van
der Waals contacts.

To seek structural explanations for the effects of hydrophobic
substitutions at the BNIP3 TMD dimer interface, we used
molecular modeling to assess how these mutations would affect

the interface. We built each mutant side chain into the average
NMR structure using PYMOL (DeLano Scientific), considering
each possible backbone-dependent rotamer (3, 58) for the mutant
residue to determine if, without altering the backbone geometry,
the mutation would cause a clash. Mutations for which every
rotamer causes a clash are indicated with an asterisk in Figure 7B;
for mutations that can be accommodated sterically in at least one
rotamer, we indicate if the replacement would significantly
increase (+) or decrease (—) the number of intermonomer
packing contacts or if the His 173—Ser 172 intermonomer
hydrogen bond would be eliminated (h). Mutations for which
the side chains point away from the dimer interface cause no
change (nc) in intermonomer contacts.

Our mutational analysis identified the AxxxGxxxG motif as
being critical to dimerization (30), and the effects of substitutions
at these positions (see Figure 7B) are readily explained by
building the substitutions into the wild-type NMR structure
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FIGURE 6: Stereo pair of backbone contacts at the BNIP3 dimer
interface. Backbone atoms including amide hydrogens are shown in a
ball-and-stick representation for both helices. a hydrogens possibly
involved in noncanonical hydrogen bonds are also shown, and the
intermonomer Co—H-O=C polar contacts are represented with
dark dotted lines in the front half of the dimer and medium dotted
lines in the back half. Intramonomer helical hydrogen bonds are
represented by light dotted lines.
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Ficure 7. Comparison of mutagenesis data and the NMR structure.
(A) The number of intermonomer contacts per residue (4.5 A
between non-hydrogen atoms) for the averaged and energy-mini-
mized structure is indicated by the white squares (dotted lines), with
the scale at the left. The average disruptive effect of hydrophobic
substitutions from ref (30) is indicated by the blue diamonds (solid
line); on the scale at the right, 5 indicates complete disruption and 0
indicates dimerization as the wild type. (B) The effects of hydro-
phobic substitutions on BNIP3 TMD dimerization in detergent (30)
are indicated with a numeric scale (0—5) and a symbol in which
increasing number or amount of black corresponds to an increasing
level of disruption. The effects on intermonomer contacts of each
substitution in the wild-type structure using ideal rotamers (see
Experimental Procedures) is scored nc if there are no changes, * if a
clash is introduced, + if the number of packing contacts increases,
— if the number of packing contacts decreases, =+ if several rotamers
are possible with a range of packing effects, and h if the His—Ser
intermonomer hydrogen bond is lost. The most disruptive pheno-
types correlate with intermonomer contact scores of * and h.

(Figure 8). The close packing between the two monomers
(Figure 8A) can sterically accommodate replacement of Ala
176 with a cysteine in a favorable rotamer (Figure 8B), but
placing a valine at this position causes a clash with the backbone
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and side chain atoms of Ile 177 of the opposite monomer
(Figure 8C). At Gly 180, where the helix backbones are in van
der Waals contact, even an alanine substitution causes clashes
with the carbonyl oxygen of Ile 177 and backbone and side chain
atoms of Ile 181 (Figure 8D). We attribute the almost universally
disruptive effects of small-to-large mutations at the AxxxGxxxG
motif positions to steric clashes.

If the glycine zipper motif is excluded, the residues that make
the most intermonomer van der Waals interactions are Ile 181
and Ile 177. Tle 181 packs against Gly 180 and also contacts Gly
184 and Ile 183; Ile 177 packs primarily against Ala 176 but also
contacts Gly 180. Despite this extensive packing, the mutagenesis
data show that hydrophobic substitutions at Ile 181 only
moderately decrease the level of dimerization, and Ile 177 accepts
any hydrophobic residue without affecting dimerization at
all (30). Building the mutations into the wild-type structure
shows that none of the substitutions results in a clash; rather,
the hydrophobic substitutions can always be accommodated in a
favorable rotamer. At position 181, such rotamers usually point
away from the dimer interface and thus make fewer favorable
intermonomer contacts than the wild-type residue, but half the
intermonomer contacts made by Ile 181 involve the N, Ca, or
Cp atom and are thus unaltered by these mutations. The number
of contacts lost is less than 5% of the total number of contacts
in the wild-type structure; this apparently has only a moderate
effect on dimer stability. At position 177, some substitutions
can be accommodated in rotamers that match or exceed the
number of favorable packing contacts seen in the wild-type
structure, explaining the lack of disruption observed for these
mutations.

Residues 172 and 173 make only a moderate number of steric
contacts with the opposite monomer; these contacts occur
entirely between side chain atoms because the crossing angle of
the helices results in a large separation between the backbones at
these positions. Despite the small numbers of contacts between
the monomers, hydrophobic mutations at these two residues
completely disrupt dimerization. These substitutions do not
result in clashes: more than one compatible rotamer combination
can always be identified, though bulky side chains often must
point away from the opposite monomer and therefore make few
favorable intermonomer contacts. However, the number of steric
contacts lost is smaller than for changes at Ile 181, where
mutations have a minimal effect on dimerization. In all cases,
however, hydrophobic substitutions would abolish the side
chain—side chain hydrogen bonds between His 173 and Ser
172. We therefore attribute the strongly disruptive effects of
hydrophobic substitutions at Ser 172 and His 173 primarily to the
loss of hydrogen bonding interactions between side chains.

One additional position, Ile 183, was implicated in our
mutational analysis as contributing to intermonomer interac-
tions (30). Ile 183 is near the interface and participates in two
intermonomer NOEs, but it does not make significant packing
interactions across the dimer interface. Hydrophobic substitu-
tions at this position neither generate clashes nor result in any
significant loss of packing interactions. Accordingly, we con-
clude that the range of disruptive effects of hydrophobic sub-
stitutions at Ile 183 cannot be explained by a simple steric model
based on the wild-type dimer NMR structure. This contrasts
sharply with hydrophobic substitutions at all other positions
analyzed for this system, where clashes, loss of favorable packing
interactions, and loss of hydrogen bonding interactions success-
fully rationalize the effects of mutations.
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FiGuRE 8: Modeling mutations at the BNIP3 TMD dimer interface. The average NMR structure (A) is presented with one monomer as van der
Waals spheres and the other monomer as a molecular surface over a stick model. Hydrogens are omitted except for amide hydrogens, and the
molecular surface is cut away to facilitate visualization of packing and steric clashes. Identical views show that the Alal176Cys substitution is
accommodated without steric clash (B): one available favorable rotamer places the Sy atom (gold) near the interface without penetrating the
molecular surface of the opposite monomer. In contrast, the only available rotamer for the Ala176Val substitution (C) forces one of the two y
methyls (green) to clash with the opposite monomer. The single methyl added for the Gly180Ala mutation (D) also causes a severe clash with the

opposite monomer.

DISCUSSION

The Structure of the BNIP3 TMD Peptide Dimer Sup-
ports the Central Arguments Based on Saturation Muta-
genesis. The structure of the BNIP3 TMD peptide dimer
indicates that the helices interact with a right-handed crossing
angle of approximately —34°, with Gly 180 at the crossing point
and small residues Ala 176, Gly 180, and Gly 184 buried at the
dimer interface. All three of these residues were identified on the
basis of mutagenesis data as being critical to dimerization (30),
and the structure confirms the role of both glycines in permit-
ting backbone—backbone contacts between monomers.
Small-to-large substitutions at all three positions disrupt the
dimer because they cause clashes with the other monomer.
The structure shows that the His 173 side chain Ne2 atom of
each monomer participates in a hydrogen bond with the side
chain y oxygen of Ser 172 on the opposite monomer. These two
residues were also identified by mutagenesis as being critical to
dimerization, and we conclude that the disruption associated
with hydrophobic substitutions at these positions is caused by
loss of the intermonomer hydrogen bonds. The five residues
identified by mutagenesis as being most critical to dimerization
(Ser 172, His 173, Ala 176, Gly 180, and Gly 184) (30) are
therefore confirmed by the structure to play critical roles in
determining intermonomer contacts that contribute to dimer
stability.

Mutagenesis Did Not Correctly Identify All Residues
That Participate in the Dimer Interface. Inferences based on
mutagenesis results for other positions, however, are not as well
supported by the structure. Mutational analysis implicated Ile
183 in dimerization, and although the structure places this
residue at the interface, the mutations that disrupt dimerization
would not be expected to cause steric clashes or eliminate
favorable van der Waals contacts. As such, the residue thought
to make the sixth-most important contributions to dimerization
based on mutagenesis (30) has no significant intermonomer
contacts in the NMR structure. Further investigation will be
needed to determine why these mutations alter dimerization in
detergent, and if they affect dimerization in membranes. Since
protein—protein contacts do not seem to explain the effects of
mutations at position 183, it is possible that interaction of the
peptide with detergents or lipids could be affected. Changing
the interaction of the BNIP3 TMD with lipids could affect helix
formation, which could influence the amount of dimer seen in
our assays by decreasing the fraction of correctly folded
monomer.

Our previous mutational analysis also failed to identify strong
roles for Ile 177 and Ile 181 in dimerization. The lack of
disruption by hydrophobic substitutions at these positions is
consistent with the wild-type structure because these mutations
cause no clashes and do not significantly decrease the number of
van der Waals contacts between monomers. We note that alanine
or glycine substitutions are strongly or completely disruptive at
these two positions (30). Such substitutions are also weakly to
moderately disruptive at noninterfacial positions, probably be-
cause they lower the hydrophobicity of the transmembrane
domain and thereby favor unfolding of the helical monomer (30).
The dramatic effects of alanine or glycine substitutions at
positions 177 and 181 may therefore arise from a combination
of a decrease in hydrophobicity and a loss of favorable inter-
monomer van der Waals contacts.

Importance of Hydrogen Bonding to BNIP3 TMD
Dimerization. The NMR structure shows that the His 173
Ne2 atom of each BNIP3 monomer forms a hydrogen bond to
the side chain oxygen of Ser 172 of the other monomer. In our
mutational analysis of BNIP3 dimerization (30), every hydro-
phobic substitution at positions 172 and 173 completely abol-
ished dimerization on SDS—PAGE. Modeling side chains as
rotamers shows that the profound effects of these mutations
cannot be explained by steric clashes, and that only a few steric
contacts are lost with these mutations. We conclude that the large
effects of single point mutations at positions 172 and 173 are due
primarily to the elimination of two intermonomer hydrogen
bonds. However, understanding the energetic contribution of
these hydrogen bonds to dimerization will require quantitative
thermodynamic studies that can place these His—Ser interactions
on a common scale with Gln stabilizing interactions in designed
TMDs (38) and side chain hydrogen bonding in bacteriorho-
dopsin (40).

Lipids Modulate the BNIP3 TMD Peptide Conforma-
tion. The preparation of folded, conformationally homogeneous
samples of membrane proteins is still a major bottleneck to
studies of membrane protein structure and function. Simply
redissolving our dried, HPLC-purified BNIP3 peptide in a
detergent solution yields samples that are strongly aggregated
and exhibit chemical shift heterogeneity. Even samples recon-
stituted by codissolving detergent and peptide in a mixture of
organic solvent and water, lyophilizing the frozen sample, and
redissolving in water, which give reasonable amide spectra
(Figure 1A), can show evidence of multiple conformations in
the methyl region (Figure 1 D,G). Adding detergent-solubilized
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DPPC to our peptide/DPC sample eliminated the chemical shift
heterogeneity associated with minor conformations. The DPPC
effect is strongest with the first titration aliquot, but the NMR
spectra continue to improve in going from 2.5 lipids per peptide
to 5, 7.5, and 10 lipids per peptide, suggesting that a tight lipid—
peptide complex is not formed. Using protonated lipid, deuter-
ated detergent, and a half-filtered NOESY spectrum, we searched
for lipid—peptide contacts but did not identify any significant
peaks at 60 ms mixing times (not shown), which supports the idea
that there are no tightly bound lipids. At present, we cannot
determine whether DPPC influences the spectra by altering the
properties of the mixed micelles or by direct interactions with the
BNIP3 TMD peptide, but we favor the former explanation.

The ability of DPPC to stabilize a single conformation of the
detergent-solubilized BNIP3 peptide dimer is not surprising,
since native lipids have been shown to interact with and stabilize
membrane proteins (59—61). The behavior of our samples upon
addition of DPPA is more complicated and more difficult to
understand. DPPA eliminates chemical shift heterogeneity in the
N-terminal part of the membrane span with a concentration
dependence similar to that of DPPC but induces chemical shift
heterogeneity in the C-terminal part of the peptide, including
residues intimately involved in dimerization [Ile 181 and Gly 184
(see Figure 2)]. One possible explanation for these lipid effects is
that both DPPA and DPPC alter the properties of the DPC
micelle in a way that favors a single peptide conformation in the
vicinity of Ser 172 and His 173, whereas negatively charged
DPPA (but not zwitterionic DPPC) makes specific interactions
with the C-terminal region of the peptide, perhaps through
contacts with Arg 185 or Arg 186. Although we chose to pursue
structure determination of the fully symmetric peptide dimer in
the presence of DPPC, we cannot rule out the possibility that the
conformational heterogeneity seen in the C-terminal portion of
the peptide in the presence of DPPA could have functional
significance, since both PC and PA lipids are present in BNIP3
target membranes.

Lipids are known to interact with membrane proteins over a
range of affinities and time scales (reviewed in ref (62)). Our
finding that addition of lipids to a detergent-reconstituted,
strongly delipidated peptide can eliminate (or induce) the forma-
tion of alternate peptide conformations indicates that at least
some lipid effects are reversible. We suggest that in addition to
purifying membrane proteins under conditions that allow them
to retain native lipids, select lipids could be reintroduced to
purified membrane proteins to optimize the behavior of biophy-
sical and biochemical samples. Given that one native lipid drives
the BNIP3 peptide toward a single conformation whereas
another promotes heterogeneity, our findings support a strategy
of broadly surveying not only detergents (63) but also lipid
additives when seeking to identify conditions for studying
solubilized membrane protein samples. We note that N-terminal
conformational heterogeneity persists in BNIP3 peptide samples
prepared in bicelles or mixed micelles composed entirely of PC
headgroups and containing a significant mole fraction of
DMPC (42).

Contrast with Previous Structural Conclusions. Within
the membrane-spanning segment, our structure resembles a
previously reported BNIP3 TMD dimer NMR structure (42)
and a computational model (41). The backbone atoms of residues
172—184 from either the previous family of NMR structures or
the computational model superimpose on our average structure
atarmsd of ~0.7 A, although the helices cross at a wider angle for
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the previous NMR family (—=39.5 £+ 4.9°) or for the computa-
tional prediction (—41.5°) than for our family (—=34.1 £ 2.6°).
Despite the similarities of the backbone arrangements, the details
of the side chain positions, especially for His 173 and Ser 172,
differ substantially among the three methods. Given that the
chemical shifts of the backbone and side chain resonances
reported here are very similar to those previously reported by
Arseniev and colleagues (42), it seems likely that differences
between the two NMR structures arise mostly from differences in
the experimental restraints. The previous family of NMR struc-
tures is based on 304 intramonomer and 14 intermonomer NOEs
(608 and 28 restraints, respectively) (42), whereas the structures
presented here are based on 981 NOEs of either intra- or
intermonomer origin and 33 strictly intermonomer NOEs
(1962 and 66 restraints). The higher number of restraints explains
the increased precision of the family of structures described here.

The experimental intermonomer restraints of Arseniev and
colleagues [Protein Data Bank entry 2j5d (42)] are highly
clustered: 9 of the 14 NOEs involve only residues 176 and 177,
2 NOE:s involve residues 173 and 176, and 3 NOEs do not involve
residue 176 or 177 at all. The 33 intermonomer NOE:s listed in
Table 2 similarly include 9 NOEs involving only residues 176 and
177, but also 10 NOEs that involve one of these residues and
another interfacial residue, and 14 NOEs that do not involve
residue 176 or 177 at all. The broad distribution of many
intermonomer restraints along the sequence reported here
(Figure 4B) is the probable source of the differences in the
helix—helix crossing angle of the two studies.

The conformational homogeneity of our samples may explain
why we detect more NOEs (and more intermonomer NOEs) than
the previous NMR study, and thus why the interaction between
His 173 and Ser 172 is more precisely defined in our structures.
Differences in observed intermonomer NOEs could also reflect
real conformational differences caused by the choices of peptide
sequence or lipidic solvent in the two types of sample: our peptide
is 35 residues starting at Gly 154, whereas the previous study used
a 45-residue peptide starting at Arg 146; our sample is recon-
stituted in 12.5:1 DPC/DPPC micelles, whereas the previous
study used 4:1 DHPC/DMPC micelles. Given the substantial
differences in the intermonomer NOEs used to calculate the
structures, the similarities between the two sets of structures are
more remarkable than the differences.

Both the primary NMR data and the calculated structures lead
us to conclusions that differ from those of the previous NMR and
MD study. Arseniev and colleagues observed minor peaks
(~10%) in addition to major peaks for some resonances in their
samples (42), and the existence of multiple peaks for Ser 172 and
Ala 176 amides led these authors to conclude that slow exchange
between alternative BNIP3 dimer interfaces was occurring in
their samples. This chemical shift heterogeneity was also offered
as experimental support for the existence of long-lived alternate
conformations of His 173 and Ser 172 seen in MD simula-
tions (42). Our samples exhibit single peaks for all backbone and
side chain resonances, demonstrating that the BNIP3 peptide can
form a completely symmetric dimer and challenging the idea that
distinct backbone or side chain conformations exist in slow
exchange. The conformations of His 173 and Ser 172 are well-
defined across the family of structures, and His 173 adopts a
single favorable rotamer in all cases; on the other hand, the family
of structures deposited by Arseniev and colleagues includes
alternate His 173 conformations (42). Because we can eliminate
chemical shift heterogeneity similar to that described by Arseniev
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and colleagues by modifying the sample composition and recon-
stitution protocol, we believe that the BNIP3 TMD dimer, or at
least our 35-residue peptide, exists as a single time-averaged
conformer from Phe 165 to Gly 184 in which residues His 173 and
Ser 172 are positioned to form intermonomer hydrogen bonds.
We suggest that these calculated structures provide a more
accurate view of the time-averaged conformation of the BNIP3
dimer interface than the Arseniev family, especially for Ser 172
and His 173. Although our data indicate that the BNIP3 dimer
does not undergo slow exchange between distinct interfaces, we
note that neither our structures nor our primary data rule out the
possibility that alternate side chain conformations exist in fast
exchange with the predominant species described here.

Implications for BNIP3 Folding in Vivo and in Vitro.
BNIP3 is a tail-anchored (TA) protein whose C-terminal trans-
membrane domain targets the full-length protein to mitochon-
drial membranes in vivo (64). Recent studies have identified
proteins that help deliver certain TA proteins exclusively to the
endoplasmic reticulum (65), but mitochondrial proteins bearing
C-terminal TMDs of moderate hydrophobicity and flanking
charged residues are ignored by the ER targeting machinery
and may self-insert post-translationally into membranes of
appropriate lipid composition that face the cytosol (66). If BNIP3
independently inserts its TMD into membranes, then the balance
of charged, polar, and hydrophobic residues in the TMD should
be an important determinant of this self-insertion (67, 68). Our
previous mutagenesis results and FTIR hydrogen exchange data
indicate that noninterfacial substitutions that decrease the hydro-
phobicity of the TMD disrupt dimerization by altering the
propensity of the peptide to fold as a helix into micelles (30).
This suggests that the BNIP3 TMD is just sufficiently hydro-
phobic to partition into micelles, and that it may be similarly
poised to partition into membranes. The ionizable imidazole
group within the BNIP3 TMD could serve to modulate associa-
tion with (and insertion across) membranes, which has been
shown for a designed peptide (68).

The transmembrane histidine in the M2 channel protein of
influenza virus participates in gating of that tetrameric channel,
and deprotonation of this histidine facilitates binding of the drug
amantadine (/8) in the pore at the center of the tetramer (/6). In
contrast to the NMR and MD work of Arseniev and collea-
gues (42), our BNIP3 TMD structures show no evidence of a pore
or channel, and although the geometry of the His 173 side chain is
well-defined by NOE data, the tautomer/protonation state of the
imidazole ring cannot be uniquely assigned from our chemical
shift data. The Ne2H neutral tautomer would donate an inter-
monomer hydrogen bond to Ser 172, whereas the NO1H neutral
tautomer would accept a hydrogen bond from Ser 172 of the
opposite monomer and donate a hydrogen bond to the carbonyl
oxygen of Leu 169 on its own monomer. If the imidazole of either
monomer were to become protonated, it would have intra- and
intermonomer hydrogen bond acceptors for NO1H and Ne2H,
respectively, which would help lower the free energy of the
protonated state. However, if the hydrogen bonding potential
of the histidine were not satisfied, the peptide could also unfold
locally and partition to the surface of the micelle. Such states
would likely be in slow exchange with the helical, dimeric TMD
peptide. Although generating such states is undesirable when the
goal is to determine the structure of the TMD dimer, these
conformations could provide insight into the folding pathway by
which relatively hydrophobic sequences go from an aqueous state
to a transmembrane topology. It may be possible to alter, by
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design, the hydrophobicity of the noninterfacial BNIP3 TMD
residues to perturb the folding and insertion of the TMD without
affecting its ability to dimerize once inserted across membranes.
If dimerization of the inserted TMD peptide serves to pull the
folding reaction forward by mass action, it may be useful to
decrease the dimerization propensity to populate more strongly
the monomeric or interfacial peptide states. Analyzing the effects
of such changes could help elucidate the in vivo and in vitro
folding pathways of BNIP3, and possibly mitochondrially tar-
geted TA proteins in general. Understanding the physical basis
for the effects of such mutations could lead to better approaches
to solubilizing membrane peptides and proteins for structural
and biochemical analysis.
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