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A molecular model for transmembrane segments 1 and 2 from the fungal proton pumping 
ATPase has been developed, and this structure is predicted to form a helical hairpin loop 
structure in the membrane. This region was selected because it is highly conformationally 
active and is believed to be an important site of action for clinically important therapeutics 
in related animal cell enzymes. The hairpin loop is predicted to form an asymmetric tightly 
packed structure that is stabilized by an N-cap between D 140 and V 142, by hydrogen bonding 
between residues in the turn region and the helices, and by 7r-Tr interactions between closely 
apposed aromatic residues. A short four-residue S-shaped turn is stabilized by hydrogen 
bonding but is predicted to be conformationally heterogeneous. The principal effect of muta- 
tions within the hairpin head region is to destabilize the local close packing of side groups which 
disrupts the pattern of hydrogen bonding in and around the turn region. Depending on the 
mutation, this causes either a localized or a more global distortion of the primary structure in 
the hairpin region. These altered structures may explain the effects of mutations in transmem- 
brahe segments 1 and 2 on ATP hydrolysis, sensitivity to vanadate, and electrogenic proton 
transport. The conformational sensitivity of the hairpin structure around the S-turn may also 
account for the effects of SCH28080 and possibly ouabain in blocking ATPase function in 
related animal cell enzymes. Finally, the model of transmembrane segments 1 and 2 serves as a 
template to position transmembrane segments 3 and 8. This model provides a new view of the 
H+-ATPase that promotes novel structure/function experimentation and could serve as the 
basis for a more detailed model of the membrane sector of this enzyfne. 

KEY WORDS: H+-ATPase; molecular modeling; helical hairpin; aromatic slipper; coupling; molecular 
dynamics, yeast. 

I N T R O D U C T I O N  

The fungal plasma membrane  H+-ATPase  is an 
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electrogenic p ro ton  p u m p  within the extended family 
o f  P-type ion translocating ATPases.  The enzyme has 
been extensively studied at the biochemical and 
genetic level (Serrano, 1988). It  is a conformat ional ly  
active polytopic  membrane  protein that  is tightly 
regulated and essential for growth  (Serran0 et al., 
1986). A fundamenta l  proper ty  o f  the P-type 
ATPases  is an ability to couple energy f rom A T P  
hydrolysis in a cytoplasmically located catalytic 
domain  to ion t ranspor t  in the membrane-embedded  
region o f  the protein. Numerous  studies support  the 
not ion o f  coupl ing or  functional  interaction between 
the ion t ranspor t  and A T P  hydrolysis domains  (Glynn 
and Karlish, 1990). The effects o f  the cardiac glycoside 
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ouabain on the Na+,K+-ATPase best illustrates such 
coupled interactions. This potent inhibitor is believed 
to bind at an exposed extracellular site on the enzyme 
and exerts, at a considerable distance, a pronounced 
effect on the ATP hydrolysis reaction within the cyto- 
plasmically located catalytic center (Forbush, 1983, 
Price et al., 1990). The actual coupling distance is 
difficult to quantify but the .distance between sites 
within the catalytic center and membrane-embedded 
ion transport region has been estimated to exceed 
40.~ for the related Ca2+-ATPase (Bigelow and 
Inesi, 1991). 

The structural basis for long-range coupling 
between disparate domains is not understood. How- 
ever, a growing body of experimental data from 
genetic (Rabon et al., 1988; Price et al., 1990; Harris 
et al., 1991; Na et al., 1993), immunochemical 
(Arystarkhova et al., 1992), and drug interaction 
(Munson et al., 1991) studies on the H+-ATPase, 
Na +,K+-ATPase, CaZ+-ATPase, and H +,K +- 
ATPase support a conformational interaction 
between transmembrane helices 1 and 2 and the cata- 
lytic sector. Again, the effects of cardiac glycosides 
may be the most informative. The affinity of the 
Na+,K+-ATPase for oubain can be substantially 
altered (,~ 104 fold) by mutations in the loop region 
between transmembrane segments 1 and 2 (Price et al., 
1989; Price et al., 1990), by mutation of a Cys residue 
(C113 in the X. laevis Na +, K+-ATPase) within trans- 
membrane segment 1 (Canessa et aI., 1992), or by 
chemical modification of Cys residues (C637 and 
C656) in the catalytic center (Kirley and Peng, 
1991). In addition, a monoclonal antibody recogniz- 
ing an epitope in the external loop region between 
transmembrane segments 1 and 2 in the Na+,K +- 
ATPase potentiates the inhibitory effects of ouabain 
and also inhibits enzyme activity by itself (Arystar- 
khova et al., 1992). Similar interactions between func- 
tional domains have been found in the yeast H +- 
ATPase by studying the effects of second-site sup- 
pressor mutations. A primary site mutation, $368F, 
near the site of phosphorylation (D378) was found 
to be partially suppressed by mutations in trans- 
membrane segments 1 and 2 (Harris et al., 1991). 
More recently, it was found that an A135V 
mutation close to the cytoplasmic face of trans- 
membrane segment 1 was fully suppressed by several 
second-site mutations, including one within the puta- 
tive cytoplasmic ATP hydrolysis domain (Na et al., 
1993). Finally, a study on the potent H+,K+-ATPase 
inhibitor SCH28080 suggested a putative binding 

site for this drug within the loop region between 
transmembrane segments 1 and 2 (Munson et al., 
1991). 

A clearer understanding of how a conformation- 
ally sensitive region contained within transmembrane 
segments 1 and 2 can interact with the catalytic 
domain requires a greater understanding of mol- 
ecular enzyme structure. Unfortunately, the structure 
of the ATPase is poorly understood. In general, the 
structural analysis of membrane proteins poses a set 
of experimental problems that is especially difficult to 
circumvent with current techniques. Computer- 
assisted molecular modeling of the membrane bound 
regions may provide an alternative approach to the 
generation of structural information. Molecular 
modeling is most useful for the visualization and 
refinement of known protein structures, but it has 
also been valuable, within limits, as a predictive tool 
of protein structure (DeGrado et al., 1989; Findlay et 
al., 1990; Sali et al., 1990; Thornton and Gardner, 
1990). 

Molecular modeling of membrane-bound 
regions and its experimental refinement through 
biochemical and genetic manipulation may pro- 
vide an alternative approach for structure studies 
of membrane proteins which cannot be readily 
studied with X-ray crystallography (Findlay et 
al., 1990). Information obtained from the com- 
parative analysis of primary sequences, when com- 
bined with structural, functional, and biogenic 
constraints intrinsic to imbedding integral mem- 
brane proteins into the lipid bilayer, can provide 
a basis for the construction of simple molecular 
models. Sachs and colleagues recently proposed a 
model for transmembrane segments 1 and 2 in the 
gastric H +,K+-ATPase based on topological 
considerations, and its interaction with the inhibi- 
tor SCH28080 (Munson et al., 1991). In principle, 
such models can be tested, extended, and refined 
with supporting data from genetic and spectro- 
scopic analyses. 

In this report, a detailed molecular model for 
transmembrane segments 1 and 2 of the yeast H +- 
ATPase has been developed by combining molecu- 
lar structure modeling with analyses of mutational 
data, conserved residues, and conserved protein 
stabilizing features. The model serves as a template 
to dock interacting transmembrane segments 3 and 
8, and could provide the basis for a more inclusive 
model encompassing the entire membrane sector of 
the enzyme. 
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MATERIALS AND METHODS 

Model Building 

Transmembrane helices 1 and 2 of the S. cerevi- 
siae H+-ATPase were constructed with the molecular 
modeling program QUANTA (Polygen, Inc., v. 3.00) on 
a Silicon Graphics IRIS computer (Model 4D/ 
70GT). Alpha helices were assigned to residues 
Fl16-G137 and V142-F163 corresponding to trans- 
membrane segments 1 and 2, respectively. Residues 
G137-W141 comprise the tight S-turn between trans- 
membrane segments 1 and 2. Mutations were intro- 
duced through molecular replacement of the initial 
wild-type cartesian coordinate system. All equivalent 
atoms between the original and the mutated trans- 
membrane helices were conserved while dissimilar 
atoms were constructed from a standard residue 
topology file. Thus, the protein backbone remained 
unaltered for all the mutants. The modeled mutations 
include A135V, A135F, and A135V/V135F. 

All four structures (WT, A135V, A135F, and 
A135V/V157F) were energetically minimized with 
the steepest descent algorithm for 15,000 steps or 
until convergence of 0.01 kcal/mol was established. 
A short molecular dynamics (Discover, Biosym 
Tech., v. 2.7.0) simulation (60 psec) at room tempera- 
ture (300°K) was performed for each structure. Three 
structural components of the transmembrane model 
were energetically constrained during the simulation. 
A harmonic force constant was used to tether the 
sidechains of the three phenylalanines (Fl19, F159, 
F163) which comprise the aromatic slipper, the N 
cap atoms (amide H of D140 and the carboxyl O of 
V142), and a positional constraint was used to fix the 
N and C terminal residues. A molecular dynamics 
(MD) averaged conformer (50 psec) was determined 
from the equilibrated period of the simulation. Each 
MD-averaged structure was then energy minimized 
with steepest descent for 15,000 steps or until a con- 
vergence of 0.01kcal/mol was established. All 
comparisons and analyses of the transmembrane 
helices were made from these minimized MD- 
averaged structures. 

RESULTS AND DISCUSSION 

Modeling Transmembrane Segments 1 and 2 as a 
Helical Hairpin 

A considerable amount of evidence from chemi- 

cal and immunochemical studies of the H+-ATPase 
(Mandala and Slayman, 1989; Hennesey and Scarbor- 
ough, 1990; Monk et al., 1991; Rao et al., 1991; Seto- 
Young et al., 1992), as well as of other P-type enzymes 
(Munson et al., 1991; Feschenko et al., 1992; Mata et 
al., 1992; Modyanov et al., 1992; Sachs et al., 1992), 
supports a topological organization for trans- 
membrane segments 1 and 2 in which the N- and 
C-terminal extensions from these segments are cyto- 
plasmically exposed whereas the linking region is 
extracytoplasmically exposed. This region of the 
H+-ATPase (Fl16-F163 of the S. cerevisiae H +- 
ATPase) has been modeled as a helical hairpin loop 
structure that is dominated by a pair of membrane- 
spanning antiparallel o~-helices (Fl16-G137; W141- 
F163) (Fig. 1A). A four-residue S-shaped turn joins 
the two helices and is sufficient to reverse the orien- 
tation of the helices without introducing packing dif- 
ficulties (Fig. 1B). The central portion of the turn is 
made up of the polar S139 and the charged D140 
residue. Residues L138 and D140 contribute the 
edges of the turn structure, with each residue retain- 
ing a single hydrogen bond to its parent helix. The 
conformation of the turn is stabilized by two hydro- 
gen bonds involving a conserved pair of acidic resi- 
dues, D140 and D143 (Fig. 2). The carboxyl of the 
D140 side chain forms a hydrogen bond, with the 
amide nitrogen of V142 forming an N-cap 
(Richardson and Richardson, 1988). The carboxylic 
side chain of D143 forms a hydrogen bond with the 
backbone amide between S139 and D140. The hydro- 
gen bonds between D140 and D143 are considered 
important structural Constraints in the model. Both 
residues are absolutely conserved in the fungal pro- 
ton pumping ATPases, suggesting that they may be 
important structural and/or functional elements. 
Modification of D 143 to Glu or Ala produces a domi- 
nant lethal mutation (Seto-Young, Monk, Na, Haber, 
and Perlin, unpublished), whereas a D143N modifi- 
cation produces a wild-type phenotype (Serrano and 
Portillo, 1990) possibly because it can maintain the 
hydrogen bonding potential of the side chain. Unlike 
D140 or D143, the residue equivalent to S139 varies 
considerably in fungal H+-ATPases (Fig. 3). It is 
observed as Glu in C. albicans and N. crassa, and as 
Arg in S. pombe.  The conformational sensitivity of the 
turn between transmembrane segments 1 and 2 is 
affirmed by the loop mutations L138Y and D140E 
which confer growth resistance to hygromycin B 
(Monk and Perlin, unpublished). This phenotype 
has been correlated with a depolarized cellular 
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membrane potential due to a defect in electrogenic 
proton transport by the H+-ATPase (Perlin et al., 
1988). In addition, modification of the turn region 
by insertion of additional residues between 
L138 and S139 perturbs enzyme activity in a 
steric- and charge-dependent manner (Seto-Young, 
Monk, Na, Haber and Perlin, manuscript in 
preparation). 

The simple S-shaped linkage between the two 
antiparallel a-helices helps maintain the hairpin struc- 
ture in a tightly packed configuration. The interdigi- 
tation of amino acid side chains between the adjacent 
helices encourages a small angular displacement 
between the helices analogous to that found between 
helices 1 and 2 of a four helix bundle (Chou et al., 
1988). A reflection of the close contact between the 
helix pair near the turn is the enrichment for alanine 
residues on the face of transmembrane segment 1 
immediately underlying the turn region. Bulkier side 
chains near the cytoplasmic ends of the hairpin loop 
fill the additional space between the two helices. These 
side chains lie below a conserved proline residue 
(P 123.) A proline-induced kink in the helix of approxi- 
mately 26 ° is expected to align the cytoplasmic ends of 
the helices more parallel to each other (Fig. 1B). Such 
motifs are frequently observed within the trans- 
membrane portions of membrane proteins (Brandl 
and Deber, 1986). It is noteworthy that the pre- 
dicted helical hairpin structure of transmembrane 
segments 1 and 2, which contains a proline kink 
within close proximity to a buried acidic residue 
(E129) in transmembrane helix 1, is strikingly simi- 
lar to the structure predicted for the proteolipid of 
proton-translocating FoFl-type ATPases (Mille r et 
al., 1990). 

Tight Packing of Transmembrane Segments 1 and 2 
and its Consequences 

The insertion of bulky residues close to the turn 
should cause the greatest relative displacement of the 
hairpin loop; whereas bulky residues inserted nearer 
the cytoplasmic face of the membrane should cause 
the least conformational change. The function-alter- 
ing A135V and A135F mutations in the S. cerevisiae 
enzyme lie at the transition between theC-terminus of 
helix 1 and the S-turn, and confer hygromycin B 
resistance and low pH sensitivity on whole cells; the 
mutant ATPases show less than 30% of wild-type 
activity (Table I), which appears to result from a 
structural instability (Na et al., 1993). The effects of 
the mutations on the hairpin model were initially 

evaluated by introducing the mutant residues into 
the wild-type structure and energy minimizing the 
resulting structure. This static view° produced a 
minor average displacement (RMS < 1 A) of the hair- 
pin backbone with most of the effects being observed 
in the turn region. Due to the tightly packed nature of 
this region, it was apparent that a more valuable 
representation of the mutational effects would come 
from allowing the structure to explore its full confor- 
mational space in molecular dynamic simulations. 
This powerful approach examines the fluctuations of 
the relative positions of atoms in a protein as a func- 
tion of time, which in turn can provide a measure of 
the internal motion of a protein (Karplus and Petsko, 
1990). Wild-type and mutant energy-minimized struc- 
tures were subjected to molecular dynamic simula- 
tion. The minimized average structures from the 
simulations were compared, and the positional displa- 
cements (RMS) from the wild-type structure were 
plotted as a function of amino acid (Fig. 4). The 
most significant differences (RMS > 2 A) were 
observed from residues A135-I146 for the A135V 
mutation, whereas the bulkier A135F mutation dis- 
torted the backbone structure of both helices to 
much greater extent (Fig. 4A). These global distor- 
tions are consistent with the diminished activity of 
the A135F enzyme relative to the A135V enzyme 
and the tight packing of the hairpin region in the 
wild-type enzyme (Na et al., 1993). An equally signif- 
icant finding is that the hydrogen-bonding profiles of 
the mutant structures, A 135V and A 135F, are signifi- 
cantly altered relative to wild type in and around the 
turn region (Table II). This is important because H- 
bonding is expected to play a major stabilizing role in 
the model structure. Finally, a suppressor mutation 
V157F that largely restores the activity of the 
A135V mutation (Na et al., 1993) had little effect on 
the displacement of helix 1 but did reduce the large 
displacement observed at the N-terminus of helix two 
(Fig. 4B). As expected, the H-bonding profile for the 
double mutant in helix 2 was closer to that of wild 
type than the A135V mutant alone. This result sug- 
gests that alterations in catalysis may be more closely 
tied to perturbations in helix 2. All the analyzed struc- 
tures (wt, A135V, A135F, A135V/V157F) appeared 
conformationally heterologous in the turn region, 
suggesting that it is the least constrained and most 
conformationally flexible portion of the hairpin. 
This suggestion is also consistent with the fact that 
the turn region shows significant variation among 
the P-type ATPases, ranging from four residues in 
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Fig. 2. Hydrogen bonding profile for the helical hairpin structure. (A) Hydrogen bonding shown for the helical segments encompassing amino 
acids F116-G137 and V142-F163. (B) Detail of amino acid residues E129-G149 which highlights the turn region between transmembrane 
segments 1 and 2 and stabilizing hydrogen bonding. The N-cap structure and the atoms involved in hydrogen bonding between D140 and V142 
are shown by the arrow. 

GENE HELIX 1 TURN HELIX 2 

ScPMAI 
ScPMA2 
CaPMA1 
SpPMAI 
SpPMA2 
NcPMAI 
ZrPMAI 
LdPMAI 
AtAHAI 
LeLHAI 

FII6VMFFVGPIQFVMEAAAILAAG LSDW 
FI45LMFFVGPIQFVMEAAAILAAG LSDW 
F93 VMFFVGPIQFVMEAAAVLAAG LEDW 
FII4IMFFVGPIQFVMEMAAALAAG LRDW 
F202LSFFVGPIQFVMELAAAAAG LRDW 
FII6LGFFVGPIQFVMEGAAVLAAG LEDW 
FIIsLMFFIGPIQFVMEAAAVLAAG LEDW 
Ygl VRGLWGPMPAALWIAIIIEFA LENW 
F61 LGFMWNPLSWVM~EAAALMAIA LANGDNRPPDW 
F65 LGFMWNPLSWVMEAAAIMAIA LANGGGKPPDW 

VDFGVICGLLMLNAGVGFVQEF 
VDVGVICALLLLNASVGFIQEF 
VDFGVICALLLLNAFVGFIQEY 
VDFGVICALLMLNA~"qGFVQEY 
VDFGVICALLLLNATVGFVQEY 
VDFGVICGLLLLNAWGFVQEF 
VDFGYICGLLFLNAGVGFIQEF 
PDGAILFAIQIANATIGWYETI 
QDFVGIICLLVINSTISFIEEN 
QDFVGIITLLIINSTISFIEEN 

HK L 105AGGLQCLMWVAAAI CL IAFAI QASEGDLTTDDN LYLALAL IAVVVVTGCF 
NaK Q 93 LFGGFSMLLWIGAVLCFLAYGI QAA TEEEEPQN DNLYLGVVLSAWI ITGCF SYYQ 
Ca-PM El 04ALQDVTL I ILE IAAIVSLGLS FYQ P PEGDNALCGEVSVGEEEGEGET GW I EGAAI L L SWCVVLVTAFNDWS 
Ca-St L 60LVI%ILLLAAC I S FVLAWF EEGEETIT AFVEPFVI LL I LVANAIVGVW 

Fig. 3. Comparison of P-type ATPase sequences corresponding to transmembrane segments 1 and 2. The 
deduced amino acid sequences from PMA1 and PMAl-like genes encoding H+-ATPases from Sacchar- 
omyces cerevisiae (Sc), Candida albicans (Ca), Schizosaccharomyces pombe (Sp), and Neurospora crassa 
(Nc), Zygosaccharomyces rouxii (Zr), Leishmania donovani (Ld), Arabidopsis thaliana (At), Lycopersicum 
esculentum (Le), and the a-subunit genes from the H+,K+-ATPase (HK; rat stomach), Na+,K+-ATPase 
(NaK; sheep muscle), Ca<ATPase (Ca-PM; rat brain plasma membrane) and Ca2+-ATPase (Ca-St; rabbit 
muscle sarcoplasmic reticulum) were compared. The PMA1, PMA2, AHAL, LHAL, Ca2+-ATPase (Ca- 
PM), and Na + K+-ATPase sequence alignments were adapted from Wach et al. (1992). The H+,K +- 
ATPase sequence was from Shull and Lingrel (1986), and the Ca2+-ATPase (Ca-Sr) sequence was from 
MacLennan et al. (1985). 
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Table I. Properties ofpmal Mutants a Mapping to Hairpin Region 

Mutation Hygromycin B r 

Cellular phenotype Biochemical properties 

ATPase ~ Proton transport c 
Low pH ~ (% of control) (% quench/min) 

Wild Type No 
A135V Yes 
A135F Yes 
A135G Yes 
A135V, V157F No 
A135L Yes 
A 135R Recessive lethal a 
A 135E Recessive lethal 
A135S Dominant  negative e 
A 135W Dominant  negative 

No 100 55.4 
Yes 33 1.8 
Yes 15 1.8 
No 71 53.6 
No 39 54.7 
Yes 50 15.4 

"All mutants were described by Na et al. (1993)• 
bATPase specific activities were determined for plasma membrane-bound enzymes. 
~Proton transport was assessed for purified enzyme reconstituted into liposomes. 
aRecessive lethal phenotypes reflect mutations which can be maintained stably with a wild-type PMA 1 gene in a diploid cell. Upon sporulation, 
the cell yields two wild-type spores and two dead mutant spores. 

eDominant negative phenotypes arise when a mutation cannot be maintained stably with the wild-type PMA 1 gene in a diploid cell and there is 
selection pressure for gene replacement. The diploid cell in this case produces all wild-type spores upon sporulation. 
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Fig. 4. Positional displacement of individual main chain atoms for prom mutant 
structures relative to wild type following molecular dynamics simulation. A 
molecular dynamics-averaged (50psec) structure was determined for defective 
pmal mutants A135V and A135F, and suppressor double mutant A135V/ 
V157F. The coordinate difference of  main chain atoms (,~) for the mutant struc- 
tures relative to a standard wild-type structure was plotted as a function of  the 
wild-type amino acid sequence for A 135V (closed bars) and A 135F (open bars) in 
Panel A, and AI35V (closed bars) and A135V/V157F (open bars) in Panel B. 
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the fungal H+-ATPases to 23 residues in the Ca 2+- 
ATPase (Fig. 3). 

Disruption of packing in the region localized 
around A135 is clearly deleterious to ATPase activity 
and cell growth, and the strength of these effects cor- 
relates well with the steric size (V < L < F) of the 
mutant side chain (Na et al., 1993). Interestingly, the 
A135I mutant does not precisely conform to this pat- 
tern, behaving with properties intermediate between 
the A135V and A135L mutants. This behaviour sug- 

• / 

gests that the stereochemlstry of the beta-carbon sub- 
stituents of the mutant side chain may also affect 
packing. Replacement of A135 with either a posi- 
tively charged arginine, a negatively charged gluta- 
mic acid, or a polar serine residue leads to cell 
death. These results indicate that the environment in 
this region is hydrophobic and that the insertion of 
bulky charged groups or a relatively small polar group 
is even more destabilizing than the addition of bulky 

hydrophobic groups. Replacement of A135 with 
glycine, which may introduce a small destabilizing 
hydrophobic cavity, also alters ATPase function (Na 
et al., 1993). Such cavities in the interior of T4 lyso- 
zyme give conformations that are less stable than the 
wild-type enzyme (Eriksson et al., 1992). The collec- 
tion of altered physiological and biochemical pheno- 
types conferred by mutations in the modeled region of 
the ATPase is consistent with the notion that struc- 
tural perturbations underlying the turn between trans- 
membrane segments 1 and 2 can be transmitted across 
the lipid bilayer to catalytic elements of the ATPase 
molecule. 

The Aromatic Slipper 
Many of the aromatic side chains located toward 

the cytoplasmic end of transmembrane segments 1 
and 2 appear to be nested and overlapping (Fig. 5), 
These nested aromatics form a type of "aromatic 
slipper" because of the way the side chains inter- 
digitate. The aromatic amino acids in this region are 
identical among the fungal ATPases, apart from a 
single conservative Phe (F163) to Tyr change in C. 
albicans, suggesting that they may be important deter- 
minants in structure. The aromatic residues inter- 
facing between transmembrane segments 1 and 2 are 
proposed to lie at right angles to one another in a 
T-type structure, as has been observed in crystalline 
benzene (Hunter and Sanders, 1990). The positive 
interaction of such groups mediated by 7r-inter- 
actions between the negatively charged field of the 
p-orbitals perpendicular to the plane of the aromatic 

rings and the partial positive charges of atoms in the 
ring is expected to be strongly stabilizing. The electro- 
static component of this type of interaction, although 
smaller than the Van der Waals contribution, is likely 
to dominate the geometry between helical segments 
within a hydrophobic environment (Hunter et al., 
1991). Cores of aromatic residues are important in 
the folding of many proteins. This is likely because 
aromatic residues are both hydrophobic and lipopho- 
bic. They are therefore expected to seek complemen- 
tary surfaces (i.e.; other aromatic sidechains) rather 
than ordering the surrounding aqueous phase or dis- 
torting the core of the lipid bilayer. For example, a 
soluble thermolytic fragment of colicin A has a cluster 
of Trp and Tyr residues that is believed to stabilize a 
hydrophobic hairpin at the center of its 10-helix struc- 
ture (Suga et al., 1991). Furthermore, the c-myb 
protooncogene product has a set of three conserved 
Trp residues in the DNA binding domain that is pre- 
dicted to form aromatic clusters contributing to both 
protein folding and regulatory function (Kanei-Ishii 
et al., 1990)• In the fungal ATPases, aromatics could 
play a role in loop formation by stabilizing the initial 
folding of the two transmembrane helices prior to or 
during membrane insertion. 

An interesting consequence of the nested aro- 
matics is that aromatic p-orbitals could be polarized 
by the application of a voltage across the membrane. 
Depending on the field direction, the 7r-electrons 
would become unequally distributed, giving a net 
negative charge at one or the other end of the aro- 
matic ring relative to the ~/-carbon. This polarizing 
effect could alter the geometry of interaction between 
nested aromatics, with interacting aromatic rings par- 
titioning between T-structures and offset-antiparallel 
structures, as has been observed in model studies 
(Hunter and Sanders, 1990; Hunter et al., 1991). It 
is well known that the H+-ATPase is sensitive to 
applied voltage (Seto-Young and Perlin, 1991), and 
the imposition of an electric field could directionally 
modify a conformationally sensitive region that is 
believed to interact with the catalytic ATP hydrolysis 
domain. 

Expanding the Two-Helix Model to include 
Transmembrane Segments 3 and 8. 

A single disulfide linkage in the N. crassa plasma 
membrane ATPase has been identified between C148 
and either C840 or C869 (Rao and Scarborough, 
1990). Based on the conservation of cysteine residues 
among fungal plasma membrane H+-ATPases, we 
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Table II. Detailed Hydrogen-Bond Profile for Wild-Tyle and pmal Mutan t  Structures a 

Donor  Acceptor 

Residue Atom 1 Atom 2 A tom 3 A tom 4 Residue 

PMA1 (wt) 
M E T l l 8  118 N 118 H 115 O 115 C P H E l l 5  
PHE119 119 N 119 H 115 O 115 C PHE115 
GLY122 122 N 122 H 118 O 118 C MET118 
ILE124 124 N 124 H 120 O 120 C PHEI20  
GLN125 125 N 125 H 121 O 121 C VALI21 
GLN125 125 NE2 125 HE21 125 O 125 C GLN125 
PHE126 126 N 126 H 122 O 122 C GLY122 
VAL127 127 N 127 H 123 O 123 C PRO123 
ALA130 130 N 130 H 126 O 126 C PHE126 
ALA131 131 N 131 H 127 O 127 C VAL127 
ALA132 132 N 132 H 128 O 128 C MET128 
ILE133 133 N 133 H 129 O 129 C GLU129 

L E U 1 3 4  134 N 124 H 130 O 130 C ALA130 
A L A  135 135 N 135 H 131 O 131 C ALA131 
GLY137 137 N 137 H 139 O 139 C SER139 
LEU138 138 N 138 H 134 O 134 C LEUI34  
SER139 139 N 139 H 134 O 134 C LEU134 
ASP140 140 N 140 H 139 OG 139 CB SER139 
ASP140 140 N 140 H 143 OD2 143 CG ASP143 
TRP141 141 N 141 H 135 O 135 C ALA135 
VAL142 142 N 142 H 140 OD1 140 CG ASP140 
ASP143 143 N 143 HD2 143 O 143 C ASP143 
GLYI45 145 N 145 H 142 O 142 C VAL142 
CYS148 148 N 148 H 144 O 144 C PHE144 
GLY149 149 N 149 H 145 O 145 C GLYI45 
LEU150 150 N 150 H 146 O 146 C ILE146 
LEU151 151 N 151 H 147 O 147 C ILE147 
MET152 152 N 152 H 148 O 148 C CYS148 
ASN154 154 N 154 H 150 O 150 C LEU150 
ALA155 155 N 155 H 151 O 151 C LEUI51 
GLY156 156 N 156 H 151 O 151 C LEU151 
GLY158 158 N 158 H 154 O 154 C ASN154 
PHE159 159 N 159 H 155 O 155 C ALA155 
VAL160 160 N 160 H 157 O 157 C VAL157 
GLU162 162 N 162 H 158 O 158 C GLYI58 
PHE163 163 N 163 H 159 O 159 C PHE159 
GLN165 165 N 165 H 160 O 160 C VAL160 

pmalF135 
VAL117 117 N 117 H 162 OE116 162 CD GLU161 
P H E l l 9  119 N 119 H 116 O 116 C P H E l l 6  
PHE120 120 N 120 H 116 O 116 C P H E l l 6  
VAL121 121 N 121 H 117 O 117 C V A L l l 7  
GLY122 122 N 122 H 117 O 117 C VAL117 
G L N  125 125 N 125 H 121 O 121 C VAL121 
PHE126 126 N 126 H 122 O 122 C GLY122 
VAL127 127 N 127 H 123 O 123 C PRO123 
MET128 128 N 128 H 124 O 124 C ILE124 
GLU129 129 N 129 H 125 O 125 C GLN125 
ALA130 130 N 130 H 126 O 126 C PHE128 
A L A  131 131 N 131 H 127 O 127 C VAL127 
PHE135 135 N 135 H 131 O 131 C ALA131 
ALA136 136 N 136 H 131 O 131 C ALA131 
LEU138 138 N 138 H 134 O 134 C LEU138 
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Table II. Continued. 

Residue 

Donor  

A t om 1 Atom 2 Atom 3 

Acceptor 

Atom 4 Residue 

SER139 
SER139 
ASP140 
TRP141 
ASP143 
ILE146 
CYS148 
LEU150 
LEU151 
ASN 154 
GLY156 
VAL 157 
PHE159 
VAL160 
GLN161 
PHE163 

pmal-V135 
M E T l l 8  
PHE120 
GLN125 
PHE126 
MET128 
GLU129 
ALA130 
ALA131 
LEU134 
VAL135 
ALA136 
LEU138 
SER139 
SER139 
ASP140 
ASP140 
TRP141 
VAL142 
ILE146 
GLY149 
LEU151 
MET 152 
ASN154 
ALA155 
GLY156 
VAL 157 
GLY158 
PHE159 
VAL160 
GLN161 
GLU162 

pmal-V135,F157 
VAL117 
P H E l l 9  
PHE120 
ILE124 

139N 
139 OG 
140 OD2 
141N 
143N 
146N 
148N 
150N 
151N 
154N 
156N 
157N 
159N 
160N 
161N 
163N 

118N 
120N 
125N 
126N 
128N 
129N 
130N 
131N 
134N 
135N 
136N 
138N 
1 3 9 N  
139 OG 
140N 
140 OD2 
141N 
142N 
146N 
149N 
151N 
152N 
154N 
155N 
156N 
157N 
158N 
159N 
160N 
161N 
162N 

l 1 7 N  
l l 9 N  
120N 
124N 

139 H 
139 H G  
149 HD2 
141H 
143H 
146H 
148H 
150H 
151H 
154H 
156H 
157H 
159H 
160H 
161H 
163H 

118H 
120 H 
125 H 
126 H 
128 H 
129 H 
130 H 
131 H 
134 H 
135 H 
136 H 
138 H 
139 H 
139 H G  
140 H 
140 HD2 
141 H 
142 H 
146 H 
149 H 
151 H 
152 H 
154 H 
155 H 
156 H 
157 H 
158 H 
159 H 
160 H 
161 H 
162 H 

117 H 
119 H 
120 H 
124 H 

134 O 
139 O 
143 OD2 
135 O 
140 O 
141 O 
145 O 
146 O 
147 O 
151 O 
152 O 
153 O 
155 O 
156 O 
157 O 
159 O 

1 1 5 0  
162 OE1 
121 O 
122 O 
123 O 
124 O 
125 O 
126 O 
131 O 
131 O 
132 O 
133 O 
134 O 
139 O 
138 O 
137 O 
135 O 
140 OD1 
144 O 
145 O 
147 O 
148 O 
150 O 
151 O 
152 O 
153 O 
153 O 
154 O 
156 O 
157 O 
158 O 

162 OE1 
1 1 6 0  
1 1 6 0  
120 O 

134 C 
139 C 
143 CG 
135 C 
140 C 
141 C 
145 C 
146 C 
147 C 
151 C 
152 C 
153 C 
155 C 
156 C 
157 C 
159 C 

115 C 
162 CD 
121 C 
122 C 
123 C 
124 C 
125 C 
126 C 
131 C 
131 C 
132 C 
133 C 
134 C 
139 C 
138 C 
137 C 
135 C 
140 CG 
144 C 
145 C 
147 C 
148 C 
i50 C 
151 C 
152 C 
153 C 
153 C 
154 C 
156 C 
157 C 
158 C 

162 CD 
116C 
116C 
120 C 

LEU138 
SER139 
ASP143 
PHE135 
ASP140 
TRP141 
GLY145 
VAL146 
ILE147 
LEU151 
MET152 
LEU153 
ALA155 
GLY156 
VAL 157 
PHE 159 

P H E l l 5  
GLU162 
VAL121 
GLY122 
PRO123 
ILE124 
GLN125 
PHE126 
ALA131 
ALA131 
ALA132 
ILE 133 
LEU134 
SER139 
LEU138 
GLY137 
VAL135 
ASP140 
PHE144 
GLY145 
ILE147 
CYS148 
LEU 150 
LEU151 
MET152 
LEU 153 
LEU153 
ASN 154 
GLY156 
VAL 157 
GLY158 

G L U  162 
PHE116 
PHE116 
PHE120 
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Table II. Continued. 

Donor Acceptor 

Residue Atom 1 Atom 2 Atom 3 Atom 4 Residue 

GLN125 125 N 125 H 121 O 121 C VAL121 
PHE126 126 N 126 H 122 O 122 C GLY122 
VAL127 127 N 127 H 123 O 123 C PRO123 
MET128 128 N 128 H 123 O 123 C PRO123 
GLU129 129 N 129 H 124 O 124 C ILE124 
ALA132 132 N 132 H 127 O 127 C VAL127 
ALA136 136 N 136 H 131 O 131 C ALA131 
LEU138 138 N 138 H 133 O 133 C ILEI33 
SER139 139 N 139 H 134 O 134 C LEU134 
SER139 139 OG 139 HG 139 O 139 C VAL135 
SER139 139 OG 139 HG 139 O 139 C SER139 
ASP140 140 N 140 H 138 O 138 C LEU138 
ASP140 140 OD2 140 HD2 140 O 140 C ASP140 
TRP141 141 N 141 H 137 O 137 C GLY137 
ASP143 143 OD2 143 HD2 143 O 143 C ASP143 
ILE147 147 N 147 H 143 O 143 C ASP143 
CYS148 148 N 148 H 144 O 144 C PHE144 
LEU150 150 N 150 H 145 O 145 C GLY145 
MET152 152 N 152 H 148 O 148 C CYS148 
LEU153 153 N 153 H 149 O 149 C GLY149 
ASN154 154 N 154 H 150 O 150 C LEU150 
ASN154 154 ND2 154 HD21 150 O 150 C LEU150 
ASN155 155 N 155 H 151 O 151 C LEU151 
GLY156 156 N 156 H 152 O 152 C MET152 
PHE157 157 N 157 H 153 O 153 C LEU153 
GLY158 158 N 158 H 153 O 153 C LEU153 
PHEI59 159 N 159 H 155 O 155 C ALA155 
GLN161 161 N 161 H 157 O 157 C PHE157 
GLN161 161 NE2 161 HE21 157 O 157 C PHE157 
GLU162 162 N 162 H 158 O 158 C GLY158 
PHE163 163 N 163 H 159 O 159 C PHE159 

a Hydrogen bond profile generated for energy-minimized structures following molecular dynamics simulations. 

previously suggested that  t r ansmembrane  segments 2 

and 8 may  be l inked by a disulfide bridge between 

C148 and C867 (S. cerevisiae) (Harris  et al., 1991), 

a l though this pos tu la ted  disulfide is no t  considered 

to be essential (Harris  et al., 1991). This covalent  

l inkage would  restrict the possible confo rmat ions  o f  

t r ansmembrane  segments 1, 2, and 8. T r a n s m e m b r a n e  

segment 8 can be docked  into the g roove  that  lies 

behind the interface fo rmed  between t r ansmembrane  

segments 1 and 2 (Fig. 6). In this posit ion,  the aro-  

mat ic  sidechain o f  F882 is expected to project  below 

the " a r o m a t i c  s l ipper"  fo rmed  between helices 1 and 

2. In addi t ion,  t r ansmembrane  segment  7 is expected 

to lie beside t r ansmembrane  segment  8. The  mode l  for 

t r ansmembrane  segments 1, 2, and 8 can be expanded  

to include t r ansmembrane  segment  3 by consider ing 

electrostat ic  interact ions  between the helices. This 

speculative a l ignment  o f  t r an sm em brane  segments 1 

and 2 with  t r ansmembrane  segment  3 is in par t  based 

on charge complementa r i ty  between the asymmetr ic  

d is t r ibut ion  o f  acidic residues in the turn between 

t r ansmembrane  segments 1 and 2 (in par t icular  

D143) a n d a  basic residue located at the outer  end 

of  t r ansmembrane  helix 3 (R315). R315 is the only 

posi t ively charged residue at the ext racytoplasmic  

end o f  t r ansmembrane  segments 3 and 4 which is 

absolutely  conserved a m o n g  the fungal  ATPases  

(Wach et al., 1992). This  places t r ansmembrane  

segment  3 in the g roove  be tween  t r ansmembrane  seg- 

ments  1 and 2 on the opposi te  face o f  t r ansmembrane  

segment  8 (Fig. 6). A fur ther  consequence  o f  this 

disposi t ion is that  N154 in t r ansmembrane  segment  

2 can fo rm a hydrogen  bond  with T304 in trans- 

m e m b r a n e  segment  3. In addit ion,  like the pho to -  



112 Monk et al. 

, ~  ~ , ~  0 >~ [ -  

. . . .  ~ ~ 

o 



Modeling a Fungal Proton Pump 113 

A 

H e l i x  1 

e.1 2 Helix 3 

B C 

Helix 1 

Helix 8 I Helix 8 l Helix 8 

Fig. 7. Analysis of conserved and nonconserved residues in the model containing transmembrane helices l, 2, 3, and 8. (A) The circles show the 
location of the c~ and fl carbons for each amino acid over a ribbon trace of the amino acid backbone for each helix, as indicated. All conserved 
residues are given by the open circles; conservative substitutions are given by the shaded circles, and nonconserved residues are given by the 
solid circles. Of the nonconserved residues, the residues in the shaded circles are conservative substitutions when all members of the set for each 
residue fall within only one of the following groupings: (M, I, L, V, F), (F, Y, W), (H, R, K), (N, D, E, Q), an (S, T, A, G). (B) transmembrane 
segment 1 has been removed to expose the interior faces of transmembrane segments 2, 3, and 8 of the modeled backbone. (C) View obtained by 
rotating transmembrane segments 1, 2, 3, and 8 by 180 ° and then removing transmembrane segment 2 in order to look inside the modeled 
structure. 

synthetic reaction center, the four  t ransmembrane  
segment model  locates all o f  its t ryp tophan  residues 
at or near  the surface o f  the bilayer. Other  possible 
orientations o f  helix 3 with helices 1, 2, and 8 were 
considered, but  the a r rangement  in Fig. 6 was most  
consistent with conserved features o f  the hairpin 
model  and existing second-site suppressor data  sug- 
gesting a direct interaction between helices 1, 2, and 4 
(Na et al., 1993). 

Compara t ive  analysis o f  the database o f  fun- 
gal P M A 1  sequences has been used to test aspects 
o f  the four-helix model  o f  the ATPase  membrane  
sector (Fig. 7). I t  can be shown that  conserved 
residues are clustered in strips along closely juxta-  
posed port ions o f  helices while nonconserved resi- 
dues are found  on surfaces that  are in less tight 
contact .  When  predominant ly  nonconserved resi- 
dues within a strip occupy regions o f  close con- 
tact, it is observed that  the conservatively 
substituted residues are involved. One exception 
is a cysteine in t ransmembrane  segment 3 which 

can be replaced by either serine or an alanine. 
In  this instance, compensa tory  coordina ted  
changes occur  within t ransmembrane  segment 3 
rather than between helices. The minor  effects o f  
evolut ionary change on interacting molecular  struc- 
tures in the ATPase  membrane  sector are consis- 
tent with the photosynthet ic  reaction center 
proteins where juxtaposed faces o f  membrane  
helices are highly conserved, while less constrained 
surfaces show greater variability. 

C O N C L U S I O N  

A molecular  structure model  for t ransmem- 
brane segments 1 and 2 o f  the fungal H+-ATPase  
has been developed and tested by applying compu-  
tational, genetic, and biochemical analyses. The heli- 
cal hairpin structure constructed for this region is 
conformat ional ly  sensitive and highly coupled. The 
simple four  amino acid S-shaped turn region is pre- 
dicted to be the least constrained and most  confor-  
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mationally heterogeneous region of the structure, 
but it is also closely coupled to helices 1 and 2, 
because perturbations in the turn region are propa- 
gated to the helices. The region around the turn is 
closely packed and mutations in this region are 
expected to alter the hydrogen bonding profile of 
the hairpin structure. The mutation-induced struc- 
tural displacements within the helical hairpin are 
expected to be local, as in the case of A135V, or 
more global as observed with A135F. Our analysis 
suggests that this tightly packed conformationally 
sensitive region of the yeast ATPase near the cell sur- 
face, like similar sites on the Na+,K+-ATPase and 
gastric H+,K+-ATPase, communicates conforma- 
tional deformations to the active site. Thus, the dis- 
placements observed by the A135V and A135F 
mutations, which are manifested biochemically as a 
poorly active enzyme, may be relevant to the binding 
of function-inactivating drugs, ouabain and 
SCH28080, to this region in the related Na÷,K +- 
ATPase and H+,K+-ATPase. 

The model analysis has also been valuable in 
identifying an array of interdigitating aromatic resi- 
dues that may contribute to the folding of the mem- 
brane sector and may provide a mechanistic basis for 
the effect of membrane potential on the activity of the 
fungal H+-ATPase. Finally, in the absence of physical 
structural data, computationally-derived molecular 
structure models provide a framework in which to 
design genetic experiments aimed at exploring the 
structure and function of the ATPase membrane sec- 
tor that will ultimately complement experimental 
efforts directed at solving P-type ATPase structure. 
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