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Abstract

Biochemical and structural analysis of membrane proteins often critically depends on the ability to
overexpress and solubilize them. To identify properties of eukaryotic membrane proteins that may
be predictive of successful overexpression, we analyzed expression levels of the genomic
complement of over 1,000 predicted membrane proteins in a recently completed Saccharomyces
cerevisiae protein expression library. We detected statistically significant positive and negative
correlations between high membrane protein expression and protein properties such as size, overall
hydrophobicity, number of transmembrane helices, and amino acid composition of transmembrane
segments. Although expression levels of membrane and soluble proteins exhibited similar negative
correlations with overall hydrophobicity, high-level membrane protein expression was positively
correlated with the hydrophobicity of predicted transmembrane segments. To further characterize
yeast membrane proteins as potential targets for structure determination, we tested the solubility of
122 of the highest expressed yeast membrane proteins in six commonly used detergents. Almost all
the tested proteins could be solubilized using a small number of detergents. Solubility in some
detergents depended on protein size, number of transmembrane segments, and hydrophobicity of
predicted transmembrane segments. These results suggest that bioinformatic approaches may be
capable of identifying membrane proteins that are most amenable to overexpression and detergent
solubilization for structural and biochemical analyses. Bioinformatic approaches could also be used
in the redesign of proteins that are not intrinsically well-adapted to such studies.
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Introduction

Integral membrane proteins present a significant problem for the ongoing intensive efforts to
expand the availability of three-dimensional protein structures.l Whereas membrane proteins
comprise up to 30% of the proteome and perform crucial functions in a wide variety of cellular
processes, they are poorly represented among available high-resolution crystal structures.?
This lack of structural data has significantly hindered progress towards gaining a detailed
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understanding of how membrane proteins carry out their functions. Most currently available
high-resolution membrane protein structures have been obtained using proteins derived from
prokaryotes (see the comprehensive lists of membrane protein crystal structures at
http://www.mpibp-frankfurt. mpg.de/michel/public/memprotstruct.html and
http://blanco.biomol.uci.edu/Membrane_Proteins_xtal.html). However, many important
classes of eukaryotic membrane proteins, such as G-protein coupled receptors and receptor
tyrosine kinases are entirely absent or poorly represented among available structures.

The most severe difficulties in structure determination of membrane proteins arise from the
processes of expression, purification, and crystallization.l? 345, Compared with soluble
proteins, membrane proteins are difficult to overexpress at high levels in a form that yields
high quality crystals. Thus, the first eukaryotic transmembrane protein structures that were
solved were obtained using proteins derived from native tissues. It is only very recently that
the first structures of eukaryotic membrane proteins have been determined using recombinantly
expressed proteins, and in each case yeast was used as the heterologous host.®: 738 Until the
challenge of obtaining usable protein through recombinant expression is met, determination
of eukaryotic membrane protein structures will be restricted to the small subset of such proteins
that are expressed at high levels in native tissues. Recombinant expression is also necessary to
obtain structures of mutant forms of membrane proteins that are important for understanding
the mechanisms of their functions.

Another major obstacle to structural studies of membrane proteins arises from the need to
solubilize these proteins in detergent for purification and biophysical characterization. The
chosen detergent must effectively solubilize the protein without inhibiting function, without
causing irreversible denaturation, and without interfering with purification or crystallization.
Currently, there is little basic understanding of the detailed interactions between proteins and
detergents that could serve as the basis for a rational protocol for deciding which detergents
would be suitable for use with particular proteins, and even empirical rationales for choosing
detergents to solubilize a given membrane protein are lacking. In some cases, it is possible to
initially solubilize a protein in one detergent, and then exchange it into a different detergent;
thus it may be desirable to identify detergents that are most generally useful in achieving the
solubilization of a wide variety of membrane proteins. The problems associated with detergent
selection are particularly acute in a high-throughput context where extensive screening of
dozens of detergents for use with each of a large number of proteins is not feasible.

The difficulty of overexpressing and solubilizing membrane proteins also impedes their
biochemical characterization. Demonstrating or characterizing the biochemical function of a
particular polypeptide chain requires separation of that chain from other polypeptides, which,
in the case of membrane proteins, almost always involves the use of detergents. Establishing
conditions for general, genome-wide solubilization of membrane proteins is an important step
in extending mass-spectrometry-based proteomic analyses to these proteins.g? ;
Furthermore, biochemical genomics, the use of genomic expression libraries for identification
of unknown genes encoding proteins with assayable biochemical functions (see Gelperin et
aI.lZ), has not generally been applied to membrane-associated activities, in part because of the
difficulty of establishing uniform conditions for solubilization of the genomic complement of
membrane proteins in functional form.

There is currently little available information on membrane protein expression, solubilization,
purification, and crystallization on a genomic scale. Membrane proteins have generally been

excluded from most structural genomics pipelines, consistent with reports that the presence of
predicted transmembrane helices in a protein is strongly correlated with failure to determine

the structure in a high-throughput context.% 13; 14 Data on expression is available from several
projects that have conducted cloning and expression of entire proteomes in bacteria, 13 14;
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15 however there are currently few published analyses of such data specifically devoted to
membrane proteins.16; 17n addition, several medium-scale projects have attempted to gather
statistics on expression and detergent solubility of prokaryotic membrane proteins.18; 195ince
the traditional one-at-a-time approach for membrane protein structure determination has
proven to be so difficult, the availability of genome-wide data on expression and solubilization
could enhance the efficiency of structure determination efforts by making it possible to identify
those membrane proteins that will be most experimentally tractable or by informing rational
approaches for mutagenesis of membrane proteins aimed at improving expression or
solubilization.

Recently we cloned and expressed a nearly complete genomic complement of yeast
Saccharomyces cerevisiae proteins in ahomologous yeast host.12 A total 0f 5,573 openreading
frames (ORFs) cloned into a Pgpy 1-regulated expression vector were tested for expression,
including 1,092 predicted membrane proteins. This collection is called the MORF (Movable
ORF) library. We classified the expression level of each protein as either high, medium, low,
or not detected. Among predicted membrane proteins in this library were 263 that could be
expressed at levels comparable to the most highly expressed soluble proteins (>1 mg/L),
indicating that they are good candidates for structural experiments. In this report we identify
protein properties that correlate with the recombinant expression potential of yeast membrane
proteins, the first such analysis covering nearly all of the predicted membrane proteins of a
eukaryotic organism. In order to evaluate the effectiveness of various detergents in solubilizing
a large set of proteins, we selected 122 highly expressed membrane proteins and tested their
solubility patterns in six commonly used detergents. These experiments have uncovered
significant differences in the abilities of different detergents to solubilize yeast membrane
proteins, and have allowed us to identify protein properties associated with solubility in some
detergents.

Protein characteristics that exhibit similar correlations with levels of soluble and membrane
protein expression

As described previously, we tested the expression of 5,573 S. cerevisiae proteins, including
1,092 predicted integral membrane proteinslz. Each protein in this study was expressed in
yeast as a fusion protein with a 19 kDa C-terminal tag containing a 6-His sequence, an HA
epitope, a rhinovirus 3C protease recognition site, and a ZZ (protein A 1gG-binding) domain.
Levels of protein expression were determined by immunoblotting using anti-HA antibodies,
and were scored on a four-level scale: no detectable expression, low, medium, or high
expression. To identify factors that affect the potential for high-level recombinant expression
of yeast integral membrane proteins, we compared predicted membrane proteins scored as
high-expressing (263 proteins) to those scored as low-expressing (378 proteins). Membrane
proteins that were not expressed at detectable levels (132 proteins) were omitted from our
analysis because of the possibility that their failure to express resulted from problems with
cloning, yeast transformation, or ORF annotation, rather than from the intrinsic characteristics
of the protein.

We examined the percentage of high expressing proteins in categories defined according to 9
different general protein characteristics (Table 1). Six protein characteristics exhibited
significant correlations with membrane protein expression level: size, hydropathy (GRAVY
score)zo, native expression level (molecules per ceII),21 isoelectric point, codon adaptation
index, and the percentage of aromatic residues in the total protein (Figure 1). As indicated in
Figure 1, in each of these six cases a similar correlation was observed between the relevant
protein property and expression levels of both membrane and soluble proteins.
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One of the strongest predictors of protein expression level for both soluble and membrane
proteins is protein size, such that smaller proteins are generally more likely to be highly
expressed than larger proteins. Less than 20% of membrane proteins larger than 80 kDa are
highly expressed, compared with more than 40% of proteins smaller than 60 kDa (Figure 1a).
The size-dependent decrease in expression levels of membrane proteins is observed at a
somewhat smaller size range (41-60 kDa) than for soluble proteins, where it is not observed
until the proteins reach sizes of 61-80 kDa. For the smallest size range of proteins (> 20 kDa),
expression actually increases with increasing size. Less than 40% of soluble and membrane
proteins in this smallest range are highly expressed, compared with more than 60% of
membrane and soluble proteins in the 21-40 kDa range. This may reflect the higher percentage
of reading frames in the smallest size category that are classified as “dubious” are not likely
to be efficiently expressed in cells.

A negative correlation between recombinant overexpression and protein hydrophobicity that
has previously been noted for proteins in general 13,2214 appears to hold for yeast membrane
proteins as well (Figure 1b).

We observe an overall correlation between native expression level and the level of protein in
the overexpression MOREF library, however this is a general trend with many exceptions. Fully
30-40% of soluble and membrane proteins in the lowest native expression category can be
expressed to the highest levels from the MORF vector.

No correlation was observed between expression levels of a protein and 1) the presence a
homolog of the protein in yeast or other organisms; 2) known or predicted cellular localization;
or 3) whether the protein contains a predicted a signal peptide targeting it to the secretory
pathway. To test for an association between expression level and protein function or
physiological process, we used the SGD GO Term Finder23 to identify gene ontology (GO)
categories that were overrepresented in either expression category. We found only one
significant association between a GO category and expression level: v-SNARE and t-SNARE
proteins involved in transit of proteins through the secretory pathway tended to be highly
expressed. 3 of 10 annotated t-SNARE proteins and 7 of 14 annotated v-SNARE proteins were
in the highest- expressing class of proteins, while none of the SNARE proteins were in the
lowest expressing-class. Despite this particular case, the functions and localizations of
membrane proteins do not generally impact the ability to express high levels of proteins in our
system.

Membrane-specific properties affecting levels of protein overexpression

We tested for an association between level of expression and seven properties that are specific
to membrane proteins, focusing on the number and characteristics of transmembrane segments
(Table 1; Figure 2). As reported previouslylz, there is an inverse correlation between
expression and the number of transmembrane segments in a protein and level of expression.
This is examined in more detail in Figure 2a. Approximately 50% of proteins with fewer than
5 transmembrane helices were expressed to the highest levels, whereas less than 20% of the
proteins with 7 or more transmembrane helices were expressed at these high levels. However,
the decrease in expression level with increasing number of transmembrane segments is not
monotonic over all the full range of numbers of transmembrane segments.

Since the size of an integral membrane protein is to some degree correlated with the number
of transmembrane segments in the protein, we also examined the relationship between the
percentage of the protein found in membrane spanning regions and expression level (Figure
2b). Over half of the predicted transmembrane proteins with 20% or less of their residues in
transmembrane segments were highly expressed, whereas the fraction of high-expressing
proteins drops to approximately 30% for proteins with more than 20% of their residues in
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transmembrane segments. In order to further distinguish between the effects of size and
transmembrane helices on expression, we examined the effects of overall size on expression
for proteins with a given number of transmembrane segments (Figure 2c-e). The negative
correlation between size and high expression is maintained for proteins with 1-3
transmembrane segments (Figure 2c-d) but not for proteins with more than 10 transmembrane
segments (Figure 2e). For proteins with other numbers of transmembrane segments, the
numbers of proteins in each size range was not sufficient to allow detection of significant
correlations.

The relationship between expression level and sequence in transmembrane segments is
distinctly different than that between expression and overall protein sequence in that there is
asignificant positive correlation between expression levels and the hydrophobicity of predicted
transmembrane segments (Figure 3a). Fewer than 40% of proteins with less than 70%
hydrophobic amino acids in their transmembrane segments are highly expressed, while nearly
60% of proteins with more than 70% hydrophobic residues in their transmembrane segments
are highly expressed. This effect is even more striking when viewed in terms of the percentage
of charged and polar residues in the transmembrane regions (Figure 3b). Proteins with
transmembrane segments comprised of less than 8% charged or polar residues express at high
levels twice as frequently as proteins with more than 18% of such residues. This is in marked
contrast to the negative effect of overall protein hydrophobicity on expression levels shown in
Figure 1b.

We found no correlation between expression and any of the other membrane-specific
parameters we tested, including average transmembrane segment length, percentage of
transmembrane residues that are aromatic, and topological orientation of protein N- and C-
termini with respect to the membrane (Table 1, data not shown).

Detergent solubility patterns of membrane proteins

Despite the importance of detergent solubilization for membrane protein biochemistry and
structural biology, there are few general principles available to guide researchers in the
selection of the appropriate detergent for a specific protein.3? 2470 investigate the interactions
of detergents with different proteins, we determined the solubility of a set of 122 high-
expressing predicted membrane proteins in six commonly used detergents: Triton X-100
(TX-100), lauryldimethylamine-N-oxide (LDAO), FOS-choline 12 (FC-12,
dodecylphosphochaline), tetraethyleneglycol monooctyl ether (CgE4), n-octyl-p-D-glucoside
(OG), and n-dodecyl-p-D-maltoside (DDM). Four of the detergents used, LDAO, DDM, OG,
and CgE4, are among the most commonly used detergents in membrane protein crystallography
(see the online list maintained by Hartmut Michel at
http://www.mpibp-frankfurt.mpg.de/michel/public/memprotstruct.html). FC-12, though not
commonly used for crystallography, has been used in NMR studies of membrane proteins, has
shown promising results in our laboratory (N. Fedoriw, K. Robinson, K. Clark, and M.E.
Dumont, unpublished results), and is being used in a number of structural and biochemical
studies in other laboratories.18; 25 26; 27, 28; 29 For comparison, we also included Triton
X-100, a detergent used extensively in biochemical studies of membrane proteins.

To establish standard conditions for testing protein solubilization, we considered two major
parameters: the critical micelle concentration (cmc) and the molar ratio of detergent to protein.
To maximize the effectiveness of solubilization, all detergents were present in solubilization
trials at concentrations several times higher than their cmc values (see Materials and Methods).
To ensure that the amounts of detergent added for solubilization were not limiting, we
performed titration experiments varying the ratio of cell lysate volume to detergent volume
(Figure 4). In preliminary tests of three trial proteins using the standard detergent
concentrations and standard amounts of cell lysate (see Material and Methods), we found
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maximum solubility at detergent:lysate ratios of 15:1 (ul detergent solution:pl lysate) with little
additional change at increased detergent concentrations. Thus, we used this ratio for all further
solubility tests.

Of the 122 proteins tested, only nine (7.4%) exhibited more than 25% solubility in the absence
of detergent. (A listing of the solubilities of individual tested proteins is available as
supplementary data.) Since we selected membrane proteins for our experiments based only on
TMHMM predictions, this confirms previous reports of a low rate of false positive
identifications for the TMHMM algorithm.?’0 TMHMM predicted a total of 1,155
transmembrane proteins in the MORF collection, in contrast to HMMTOP, which predicted
2018 membrane proteins, most likely including a greater number of false positives. Of the nine
proteins that were soluble without detergent, two (Pan5p, Grx2p) are known cytosolic
proteins31? 32 and were falsely predicted by TMHMM to each contain a single transmembrane
segment. Another protein, YHR138Cp, also predicted to contain a single transmembrane
segment, is homologous to the cytosolic protein Pbi2p,33 and, thus, is also likely to be a false
positive prediction of TMHMM. Two additional proteins, Gas4p and Kar2p, that are each
predicted to contain one transmembrane segment, have been reported to be only peripherally
associated with the membrane.34: 3, This leaves four proteins (Tvp15p, Cholp, Ssulp, Uip3p;
~3% of the total) that are predicted to contain multiple transmembrane segments and are
annotated in SGD as authentic membrane proteins, but show at least partial solubility in the
absence of detergent. The basis for this discrepancy is unknown.

Nearly all of the remaining proteins fell into only a few solubility patterns (Table 2, Figure 5).
Only three proteins were classified as being insoluble (specifically, less than 50% soluble) in
all detergents, but all three of these were still ~25% soluble in FC-12. The number of predicted
transmembrane segments in these proteins ranged from 1 (in Dap2p) to 12 (in Alg7p) and there
was no apparent similarity among them. Six proteins (Yurlp, Spc2p, Erplp, Erp3p, Erp4p,
YOR105Wp) were insoluble in all but one detergent, and that detergent was always FC-12.
One of these six proteins, YOR105Wp, is a short ORF that has been classified as “dubious”.
The remaining five ORFs in this class (Yurlp, Spc2p, Erplp, Erp3p, Erp4p) are proteins that
are predicted to contain 1-2 transmembrane segments and have been localized to the Golgi or
endoplasmic reticulum %ER%. Erglp, Erp3p, and Erp4p are p24-class ERP proteins involved in
ER to Golgi transport.36; 37; 3

Of the 113 proteins that showed broader solubility, 57% were soluble in at least four different
detergents (Table 2). The two most common solubility patterns we observed were solubility
in all six detergents (31% of proteins tested) and solubility an all detergents except CgE4 and
OG (21% of proteins tested). With a few exceptions, the proteins that could be solubilized in
the less efficient detergents tended to also be soluble in the more efficient detergents (Figure
6), indicating that solubility patterns are not dominated by specific protein-detergent
interactions.

The structures of the detergents appeared to be related to their solubilization efficiency (Figure
7): the zwitterionic detergents LDAO and FC-12 were the most effective at solubilizing, while
the short chain detergents CgE4 and OG were the least effective. Zwitterionic deterzgents are
known to solubilize membrane proteins more efficiently than non-ionic detergents. 4,39 The
poor solubilization efficiency of CgE4 and OG, compared with DDM, is somewhat unexpected,
given their broad use in membrane protein crystallography.

We used an approach similar to the one described above for protein expression to look for
associations between protein characteristics and solubility in particular detergents. Because
LDAO and FC-12 solubilized nearly all of the proteins tested, it is apparent that few protein
characteristics affect solubility in these detergents and we therefore did not analyze these data.
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Furthermore, when we tested the protein characteristics listed in Table 1 for associations with
protein solubilities in the remaining four detergents, TX-100, DDM, OG, and CgEg4, we found
no significant correlations.

Solubilities in the two least-effective detergents, OG and CgE,4, were inversely correlated with
protein size and number of transmembrane segments, and were also affected by the amino acid
composition of the transmembrane segments, although the statistical significance of these
correlations is limited by the small sample sizes. The most significant finding was that the
solubilities of the tested proteins in these two detergents progressively decreased with
increasing number of predicted transmembrane segments and larger size (Figure 8a and 8b).
Proteins with transmembrane segments composed of more than 10% charged and polar amino
acids were also somewhat less likely to be soluble than proteins with less hydrophilic
transmembrane regions (Figure 8c) and proteins with more than 70% hydrophobic residues in
predicted transmembrane segments were nearly twice as likely to be solublilized by OG and
CgE4 than proteins with less than 70% hydrophobic residues (Figure 8d). No other significant
correlations were detected between solubilities of different proteins in OG and CgE,4 and the
properties listed in Table 1, including subcellular localization of proteins.

The limited solubilities of some proteins in OG and CgE4 could be caused either by the
relatively short lengths of the acyl chains of these detergents, or by the specific chemical
configurations of their hydrophilic and hydrophobic moieties. To distinguish between these
possibilities, we examined the effect of varying acyl chain lengths within different families of
detergents on the ability to solubilize selected proteins that exhibited moderate solubilities in
the original set of tested detergents. Several tested proteins exhibited increased solubilities with
increased detergent chain lengths. Cholp, Ost6p, and Sec66p exhibit only slight solubilities in
OG, but are more readily solubilized by nonyl and decyl glucosides (Figure 9a). However,
these proteins are not completely solubilized even in the longer chain detergents, suggesting
either that they are intrinsically slowly or inefficiently solubilized or that they exist in
heterogeneous states in the cell lysates. Pmclp shows greater solubility in longer chain
polyoxyethylene detergents (Figure 9b), but several other proteins, including Ost6p and the
product of the YGLO080w gene showed little or no increased solubility in the longer chain
members of the polyoxyethylene family (Figure 9b). Several proteins tested with the families
of FOS-choline and maltoside detergents showed increased solubilities as chain lengths
increased up to 14 carbons (Figure 9c, d).

Discussion

The ability to obtain useful amounts of solubilized membrane proteins will be critical for
structural and biochemical analyses of the large numbers of these proteins present in all
genomes. However, because of the difficulty of membrane protein biochemistry, most previous
analyses of protein production on a genomic scale have focused on soluble proteins. Because
of the differences between post-translational modification systems of different organisms and
the complete absence of successful X-ray structure determinations of eukaryotic membrane
proteins expressed in bacterial hosts, there are significant advantages to purification of
eukaryotic membrane proteins from a homologous eukaryotic expression system. Thus, we
have investigated the ability to overexpress the genomic complement of predicted
transmembrane proteins of the yeast Saccharomyces cerevisiae in a yeast host. Our study of
expression focused on a comparison between the 263 most highly expressed and the 378 lowest
expressed predicted membrane proteins in a nearly complete genomic collection of cloned
yeast ORFs.12 Among these 263 highly expressed proteins are 90 with human orthologs (as
annotated in SGD), and over 40 with published activity assays. Furthermore, we have
assembled a database of the detergent solubilities of a representative subset of approximately
half of the high-expressing membrane proteins (see supplementary data). Considering the

J Mol Biol. Author manuscript; available in PMC 2008 January 19.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

White et al.

Page 8

general difficulty of expressing, purifying, and determining the structures of membrane
proteins, such a priori knowledge of the highest expressing, most readily solubilized membrane
proteins in a genome allows efforts in structure determination and biochemical characterization
to be focused on the subset of target ORFs with the highest likelihood of success. Our results
also point to general characteristics of membrane proteins that may be useful in predicting the
success of heterologous membrane production in yeast, as well as, possibly other expression
systems.

We have identified parameters that specifically affect membrane protein expression, as well
as parameters that affect membrane and soluble protein expression in similar ways. The
association of protein size, isoelectric point, codon usage, and native number of molecules per
cell with the ability to overexpress the general genomic complement of yeast proteins and, in
some cases, with expression in other systems has been noted previously 127135, 22 However,
the correlation of expression with isoelectric point and size was not observed for bacterial
expression of C. elegans proteins 14 1n addition to these properties, we find a negative
correlation between the overall percentage of aromatic amino acids in both soluble and
transmembrane proteins and their levels of overexpression that has not been reported
previously. While the physical explanations for the relationships between these protein
properties and expression levels are not known, the similarity of the correlations for membrane
and soluble proteins indicates that none of these properties affect biosynthetic or degradative
processes unique to membrane proteins.

Inaprevious analysis of the potential for overexpression of 372 E. coli inner membrane proteins
with cytoplasmic C-termini in a homologous E. coli host, no significant correlations were
reported between any protein properties and level of overexpression 16 The difference
between these results and the correlations we have uncovered may be explained by any of
several considerations: 1) Differences between the processes of membrane protein expression
in comparing E. coli with yeast or in comparing proteins with cytoplasmic C-termini with the
general population; 2) Differences between the sensitivity and dynamic range of the detection
method we used (immunoblotting) compared with the GFP fluorescence used by Daley et al.;
16 3) Differences in the measures of statistical significance used in the two studies. Whereas
Daley et al. only presented correlation coefficients, the p values we report are capable of
detecting even moderate correlations that are statistically significant.

The likelihood of being able to express high levels of both soluble and transmembrane proteins
in the yeast system decreases significantly with overall increased hydrophobicity of the protein
as measured by the GRAVY score and humber of predicted transmembrane segments. Similar
trends have been detected in previous studies of expression 12,135, 22, However, in contrast
to this negative correlation between expression and overall hydrophobicity, we find a
significant positive association between levels of expression and the hydrophobicity of the
amino acid sequences within predicted transmembrane segments (Figures 3a, b). This means
that the behavior of transmembrane segments making up only a small fraction of overall
sequence information in a protein can be a limiting factor affecting expression levels. The
positive correlation between hydrophobicity of transmembrane segments and expression could
reflect increased efficiency of translation provided by altered association with ribosomal
components or signal recognition apparatus, increased efficiency of integration into
membranes via the translocon, decreased degradation due to enhanced stability of folding, or
preferential localization to particular membrane subdomains.

Despite the diversity of the machinery mediating co-translational membrane insertion in
different cellular compartments that might have been expected to lead to different expression
efficiencies for proteins with different intracellular trafficking patterns, no correlation was
detected between the potential for overexpression and subcellular localization, N- and C-
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terminal topology, or the presence of a signal peptide. This suggests that there is reserve
capacity to allow overexpression of proteins with various topologies in diverse cellular
compartments.

Toxicity of overexpressed proteins is not a barrier to successful membrane protein expression
in our system, since we have found that overexpression of membrane proteins is not
significantly more toxic than overexpression of the general population of yeast proteins. We
previously reported that only 88 proteins (1.6%) out of the total collection of 5,573 were lethal
when tested for growth on solid media (2% raffinose + 2% galactose), and that, despite this
toxmty, 67 of these proteins were present at detectable levels after a 4 hour induction in liquid
media.12 An additional 320 proteins in the collection (5.7% of the total) caused slow growth.
Among predicted membrane proteins, 1.7% (19 proteins) were lethal and 6.0% (66 proteins)
caused slow growth. As was the case with the entire collection, most lethal membrane proteins
could still be produced at detectable levels under our induction conditions (79% of lethal
membrane proteins vs. 76% of all lethal proteins). We also detected no significant correlation
between expression level and protein toxicity: 15 (5.7%) high expressing membrane proteins
and 26 (6.9%) of low expressing membrane proteins were lethal or caused slow growth. A
recent study of 567 overexpressed yeast membrane proteins found that 93% of these proteins
caused growth defects1’. These researchers measured growth in liquid media on microtiter
plates and were thus able to detect effects on growth not apparent in our previously reported
results for growth on solid medium. Despite this, viewed in the context of our focus on
producing high levels of protein for purification, our results confirm that growth inhibition due
to protein overexpression is not a major obstacle.

Several lines of evidence suggest that membrane proteins are expressed in the MORF system
in functional forms. First, overexpressed membrane proteins with C-terminal fusions in general
appear to insert correctly into the membrane. A recent study reported the experimentally
determined transmembrane orientations of the C-termini of 468 yeast membrane proteins
expressed from multicopy plasmids as fusions to large C-terminal tags, under control of a strong
promoter.40 The authors found that the C-terminal orientations of their overexpressed
membrane proteins matched results from other published reports in nearly all cases where there
was independent data. Second, in our previously published report on the MOREF library, we
showed that glycoproteins, including many membrane proteins, are efficiently processed in
this collection, esgecially in comparison with a similar collection expressing N-terminally
tagged protelns Third, we detected ATPase activity in membranes isolated from three strains
expressing known membrane ATPases (Figure 10). Fourth, numerous yeast membrane protelns
have grewously been shown to be functional when overexpressed with C-terminal tags 41,
42; 43; 44; 45,46, 4T 48; 49; 50; 51; 52 . Finally, we do not observe any accumulation of
insoluble aggregates when proteins expression is induced.

We have characterized the detergent solubilities of half of the most highly expressed predicted
membrane proteins in a nearly comprehensive yeast protein expression library (see
supplementary data). These tests provide a measure of the ability of detergents to solubilize
proteins directly from yeast membranes, an important first step in protein purification.
However, given the diversity of the targeted ORFs, examining the suitability of the tested
detergents for subsequent steps of purification, for protein crystallization, or for maintenance
of native structure, was beyond the scope of the present study. In our tests, the zwitterionic
detergents LDAO and FC-12 were the most efficient at solubilizing yeast membrane proteins,
consistent with results of previous studies with smaller sets of proteins.lg; 39 The high
efficiency of FC-12 suggests that this could be a useful detergent for structural work or high-
throughput biochemical and proteomlc agplications FC-12 has been used successfully in
several NMR structural studies.2 One membrane protein crystal structure has been
reported in FC-14. 54 The non-ionic detergents DDM and TX-100 were less effective than the
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zwitterionic detergents, but were capable of solubilizing more than 60% of the tested proteins.
Since DDM has the same hydrocarbon tail structure as LDAO and FC-12, its bulky and non-
ionic head group appears to interfere with its solubilizing ability relative to these zwitterionic
detergents. Among non-ionic detergents however, DDM was the most efficient, and since non-
ionic detergents may be less denaturing than zwitterionic detergent524, DDM could represent
the best compromise between solubilization efficiency and functional preservation in a high-
throughput context.

Of the detergents commonly used for x-ray crystallography, OG and CgE,4 were the least
generally effective for solubilization of our representative set of membrane proteins. Despite
the relatively high cmc values of these two detergents (Table 3), the relative insensitivity of
solubilization efficiency to changes in the relative amounts of lysate and detergent over the
range we used (Figure 4) indicates that their ineffectiveness is not due to low numbers of
micelles. Instead, their reduced effectiveness is likely to be the result of their shorter
hydrophobic tail lengths or altered head-group properties. The differences we observe in
solubilization by the three different tested detergents that all contained 12-carbon tails (LDAO,
FC-12, and DDM) confirm the role of the detergent head group as a determinant of effective
protein solubilization. However, solubilization trials that we conducted with families of similar
detergents with different chain lengths also show that, at least in some cases, solubilization of
proteins from yeast lysates can be improved by the use of detergents with longer acyl chains.
Notably, we encountered cases in which limited solubilities of certain proteins in a commonly
used detergent, OG, could be significantly improved by using nonyl glucoside, a less commonly
used detergent that differs from OG only by the presence of one additional carbon in the acyl
chain.

We find that proteins with the highest content of hydrophobic amino acids in their predicted
transmembrane segments are the most efficiently solubilized by the detergents OG and CgE4.
Since these two detergents have short hydrophobic tails, this would appear to contradict simple
models of membrane protein solubilization in which the most strongly hydrophobic detergents
would be required to solubilize the most hydrophobic transmembrane segments. Instead, it
may be the case that the most hydrophobic transmembrane segments partition effectively into
the interior of micelles of even short-chain detergents whereas transmembrane segments with
more polar sequences partition less well into micelles. Our results suggest that micelles
comprised of long-chain detergents are more tolerant of different ranges of protein
hydrophobicity than micelles of short-chain detergents.

Although to date there have been few reported successes with membrane proteins in structural
genomics projects55, our results show that expression and solubilization of membrane proteins
can, in fact, benefit from high-throughput approaches for identifying promising structural
targets from a genomic complement of membrane proteins. The use of high-throughput
approaches also allowed us to evaluate properties of membrane ORF sequences that can serve
as the basis for a priori selection of protein targets with the highest likelihood of successful
expression and solubilization.

Modification of sequences of transmembrane proteins based on the correlations we have
described may also provide a rational strategy for improving expression and solubilization of
target proteins for structure determination, although in each case the functional effect of the
mutations would need to be assessed. In a previous study, Kiefer and colleagues were able to
design mutant G protein coupled receptors with substantially improved expression by using a
multiple linear regression approach to correlate sequences of the loop regions with levels of
expression of eleven receptors.56 However unlike proteins in our system, these proteins were
expressed into inclusion bodies. Other groups have attempted to improve the thermostabilitg/
of membrane proteins by the introduction of mutations in the transmembrane regions.57? 5
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Our results suggest that increasing the proportion of hydrophobic amino acids in
transmembrane segments of membrane proteins or decreasing the overall content of aromatic
residues could be used similarly to improve expression as a step toward improving the success
rate for the difficult process of structure determination of membrane proteins.

Materials and methods

Identification and topology prediction of membrane proteins

Our approach to identifying probable membrane proteins was a modification of the procedure
used to identify membrane proteins in our initial analysis of membrane protein expression in
our S. cerevisiae Iibra\ry.12 Two different transmembrane helix prediction programs were used
to identify and classify membrane proteins in the yeast genome. TMHMM is reported to be
the best program for distinguishin% membrane proteins from non-membrane proteins,
especially on a genomic scale.30: 99; 60 we used TMHMM v. 2.061
(http:/lwww.cbs.dtu.dk/servicess TMHMMY/) to predict 1,155 integral membrane proteins in
the MORF collection. From this set of 1,155 proteins, we removed 63 that were predicted by
the Phobius program62 (http://phobius.binf.ku.dk/) to have only a signal peptide and no
transmembrane segments; this left us with a total of 1,092 proteins predicted to have one or
more transmembrane helices. While TMHMM is reported to be the most accurate for
distinguishing membrane proteins from soluble proteins, it is not necessarily the best for
determining the actual topology of a membrane protein.GO; 63; 64 We used HMMTOP8
predictions (http://www.enzim.hu/hmmtop/) as our best guess of the topology of the membrane
proteins in our collection. In two cases (Ste2p and Pmc1p) we were aware of good data
suggesting a topology different from the HMMTOP prediction and we used the empirically
determined topologies in our analysis.

Overexpression of membrane proteins for solubilization experiments

Membrane proteins were expressed in strains from the MORF S. cerevisiae Iibrary.12 ORFs
in this collection are cloned into a multicopy Pgar 1-regulated plasmid fused C-terminally to
a 19 kDa Hisg-HA-ZZ tag. Yeast cultures in SD —Ura (containing 2% dextrose) were grown
to an ODgq Of approximately 2 and used to inoculate fresh 4 mL cultures in —Ura 2% raffinose
medium. These cultures were grown for 15 hours to an OD of approximately 1.2 and induced
with 2 mL of 3xYPGalactose medium (yeast extract, peptone, galactose), resulting in a final
concentration of 1xYP and 2% galactose. All yeast cell growth was performed at 30°C. After
6 hours, yeast cells were harvested by removing them from the culture medium, washing in 1
mL ice-cold water and freezing the cell pellets at —70° C.

Yeast cells were resuspended in lysis buffer (50 mM Tris pH 7.5, 1 mM EDTA, 1M NaCl, 1x
complete protease inhibitor cocktail (Roche), 2.5 ug/mL pepstatin, 1 mM DTT) at a volume
of 300 ul lysis buffer per unit ODgqq at harvest. Cells were broken with 0.5 mm Zirconia/Silica
beads (Biospec) by vortexing 10 times for 20 sec at 4° C, with 1 min. pauses on ice. Lysed
samples were centrifuged in a microcentrifuge at 4° C and 150 x g for 5 min. The supernatant
was transferred to a fresh tube and frozen at —70° C. Bradford assays66 of lysates from 10
proteins indicated that the average total protein content in lysates was 460 pg/ml.

Detergent solubilization of membrane proteins

Analiquot of 9 ul of lysate (approximately 4.2 g total protein) was added to 141 pl of detergent
solution or buffer without detergent. The buffer consisted of 20 mM Hepes pH 7.5, 500 mM
NaCl, and 10% glycerol. Detergent solutions consisted of buffer and one of the following
detergents (concentrations are w/v): 1% Triton X-100 (TX-100, Pierce), 1%
lauryldimethylamine-N-oxide (LDAO, Anatrace), 2% tetraethyleneglycol monooctyl ether
(CgEg4, Anatrace), 1% FOS-choline 12 (FC-12, Anatrace), 2% n-octyl-B-D-glucoside (OG,
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Anatrace), or 1% n-dodecyl-B-D-maltoside (DDM, Anatrace). Samples were solubilized at
room temperature for 1 hour and then centrifuged at 21° C in a Beckman Ti 42.2 rotor at 30,000
rpm (109,000 x g) for 1 hour. After centrifugation, 16 ul of supernatant or control sample was
mixed with 4 pl of SDS loading buffer, heated for 5 minutes at 37° C and electrophoresed on
a 26-well Criterion 8-16% SDS polyacrylamide gel (BioRad). Immunoblotting was performed
using rat anti-HA primary antibody (clone 3F10, Roche) and HRP goat anti-rat secondary
antibody (Jackson) for detection. Unless indicated, all additional detergents were purchased
from Anatrace.

For each protein, the intensity of the signals on immunoblots from the detergent-solubilized
samples were compared with the no-spin, no-detergent, total protein control and scored on a
scale of 0—4, with 0 representing no signal and 4 representing a band intensity equal to the
control (Figure 6). A score of 0-1 indicates insolubility in a particular detergent, while a score
of 3—4 indicates nearly complete solubility in that detergent. Samples scored as 2 were
marginally soluble; only samples with a score of 3 or 4, corresponding to over 50% solubility,
were considered soluble in our analysis.

Database construction

Annotations for the proteins in our datasets were obtained from the following sources: size,
pl, codon usage indices, aromaticity, and GRAVY scores were obtained from the
Saccharomyces Genome Database (SGD);67 localization data and number of molecules per
cell were obtained from SGD and the UCSF Yeast GFP Fusion Localization Database
(http://yeastgfp.ucsf.edu/);21? 68 homolog data were obtained from the SGD file of best hits
against model organisms, which was generated with NCBI BLASTP; properties of
transmembrane regions were determined by using a Perl script to parse HMMTOP output files
and protein sequences obtained from SGD. Hydrophobic amino acids were classed based on
the whole-residue hydrophobicity scales of Wimley and White.89

Statistical analysis

A chi-square test for trend in proportions or Fisher’s Exact Test was used to test for an
association between protein properties and expression or detergent solubility. 2 x k contingency
tables were generated for each protein variable, with k being the number of variable categories
(such a sub-cellular localization), or the number of bins into which numerical variables were
divided (such as ranges for hydrophobicity scores). Bins were chosen to represent biologically
reasonable increments of the variables, as well as to ensure a reasonable distribution of our
sample set among the bins, but our conclusions were found to be insensitive to modest
variations in binning. When a tested protein feature had only two possible categories, such as
the presence or absence of a signal peptide, Fisher’s Exact Test was used to calculate p-values;
in all other cases a chi-square trend test was used.

The null hypothesis for the statistical tests was that expression or solubility was independent
of the tested protein property. More specifically, the p-value represents the probability of
obtaining the distribution of cell counts in a particular contingency table by chance, given the
expected distribution determined by the totals of the columns and rows of the table. For the
chi-square trend test, the alternative hypothesis was that expression or solubility was dependent
on the given protein characteristic, and that dependence was directional based on the numerical
(as opposed to purely categorical) ordering of the property being tested. We used a significance
cutoff of p<0.05, meaning that we accepted a 95% probability of correctly rejecting the null
hypothesis.

These tests were carried out using the R statistical computing environment, version 2.1.0 (R
Core Development Team, http://www.r-project.org/). We used the functions fisher.test and
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prop.trend.test for the two statistical tests. For prop.trend.test, the number of high expressers
or soluble proteins is the number of events (x), the number of total proteins per bin is the number
of trials (n), and the upper boundary of each bin is one element of the score vector.

ATPase assays

Following cell lysis as described above and centrifugation at 150 x g for 5 min., the supernatant
was transferred to a fresh tube and centrifuged at 24,600 x g for 45 minutes at 4°C. The
supernatant was removed and membranes were resuspended in resuspension buffer (50 mM
Tris pH 7.5, 500 mM NacCl, 10% Glycerol, 1 mM EDTA) at 25 pl per OD-ml of original cell
culture (50% of the original volume of lysis buffer added to harvested cell pellets). Membranes
were stored at —20°C. Protein concentration in membrane preparations was measured by
Bradford assay.66

ATPase assays were performed by the addition of 5 ul resuspended membranes (~1.5 pg
protein) to 95 ul ATPase cocktail (see below) containing 10 mM ATP, followed by mixing
and incubation at 37° C for 10 minutes. Reactions were stopped by the addition of 100 pl 10%
SDS; as a negative control, each reaction was done in parallel with a reaction to which the SDS
was added before incubation. 100 pl of Taussky & Shorr phosphate detection reagent70 was
added, color was developed for 2 minutes, and the OD7gg was measured. The activity was
determined by subtracting the ODqq of the positive reaction from that of the negative control.
This value was converted to nmoles of phosphate using a standard curve.

The ATPase cocktail at pH 6 contained 50 mM MES buffer, 9 mM MgSQOyg, and 10 mM
NaN3, and was adjusted to pH 6 with KOH. ATP was added to the cocktail immediately before
use. The assay buffer at pH 7.5 contained 50 mM Tris instead of MES buffer. The Taussky
and Shorr reagent was prepared as described in Taussky and Shorr70.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Triton X-100
LDAO

lauryldimethylamine-N-oxide
CgE4

tetraethyleneglycol monooctyl ether
FC-12

FOS-choline 12®
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n-octyl-B-D-glucoside
DDM

n-dodecyl-p-D-maltoside
cmce

critical micelle concentration
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open reading frame
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Figure 1. Protein expression dependence on general protein properties

Bar graphs show the total number of predicted membrane proteins (high expressers + low
expressers, right axis) in each bin; line plots show the proportion of high expressers for
membrane proteins (¢ solid line) and soluble proteins (e, dashed line) as a function of the
specified protein property. The indicated p-values refer to membrane protein plots> They were
determined by a chi-squared test for trend in proportions as described in Materials and Methods.
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Bar graphs show the total number of predicted membrane proteins (high expressers + low

expressers, right axis) in each bin; line plots show the proportion of high expressing membrane

proteins as a function of the specified property. The indicated p-values were determined as
described in Materials and Methods. In panels c-e, the effects of protein size were examined
for proteins that contain set numbers of predicted transmembrane segments.
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Figure 3. Protein expression dependence on hydrophobicity of predicted transmembrane segments
Bar graphs show the total number of predicted membrane proteins (high expressers + low
expressers, right axis) in each bin; line plots show the proportion of high expressing membrane

proteins as a function of the specified property.
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TX-100 (Ste2p) |

LDAO (Ste2p)

Figure 4. Titrations testing detergent:lysate ratio for solubilizing conditions

Little variation in solubility was observed for most detergents over a broad range of
detergent:lysate volume ratios. Each panel shows the results of a representative immunoblot
comparing total lysate to supernatants from centrifuged samples treated with detergent-free
buffer or varying ratios of detergent:lysate solutions. The black triangles indicate the increasing
ratios of volumes of stock detergent to lysate across the lanes of the gel. The actual ratios used
were: 1% and 2% OG- 6:1, 17:1, 40:1; 1% DDM- 9:1, 10:1, 13:1, 18:1, 30:1; 1% FC12- 5:1,
8:1,17:1, 40:1. Results for titrations with CgE4 are not shown, since none of initial trial proteins
were significantly soluble in this detergent.
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Figure 5. Representative detergent solubility patterns

Each panel shows the results of an immunoblot for one protein comparing total lysate to the
supernatant of solubilized samples or a non-solubilized negative control after centrifugation at
109,000x%g for 1 hour. Fully solubilized samples show a band intensity equal to the lysate
control, while poorly solubilized samples show a weak band intensity. The solubility of the
samples was scored on a scale of 0-4, with 4 indicating full solubilization, as described in
Materials and Methods.

J Mol Biol. Author manuscript; available in PMC 2008 January 19.



1duasnuely Joyiny Vd-HIN 1duosnuey JoyIny vd-HIN

1duasnuely Joyiny vd-HIN

White et al.

Page 23

Figure 6. Overlap of soluble protein sets among six different detergents

The Venn diagram visually illustrates overlapping solubilities among all six detergents tested.
Three proteins were insoluble in all detergents, and one protein, Pmp2p, was soluble in all
detergents except FC-12 and DDM,; these proteins are not represented in the diagram.
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Figure 7. Solubilization efficiency of detergents

Black bars indicate the number of proteins at least 50% soluble in a given detergent (score of
3 or 4) out of a possible 113 proteins. Hatched bars show the number of proteins that were
marginally soluble in a given detergent (score of 2). The zwitterionic detergents LDAO and
FC-12 were the most effective solubilizers.
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Figure 8. Dependence of solubility on protein properties

Bar graphs show the total number of proteins tested for solubility in each bin; line plots show
the percentage of proteins soluble for DDM (A, green), TX-100 (e, red), OG (¢, black) and
CgE4 (m, blue) as a function of the specified protein characteristic. Correlations between DDM
and TX-100 solubility and these protein properties were not statistically significant; p-values
for OG and CgE,4 were determined by a chi-squared test for trend in proportions as described
in Materials and Methods.
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Figure 9. Effects of detergent tail lengths on membrane protein solubilization

Proteins exhibiting limited solubility in OG and CgE,4 were further tested for solubilities in
families of related detergents with different tail lengths as described in Materials and Methods.
In each case, the total protein in an equivalent amount of lysate is shown in the left-hand lane.
Panels show experiments in the following detergent families: a. glucosides, b.
polyoxyethylenes, c. FOS-choline series, d. maltosides.
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Figure 10. Three known membrane ATPases are expressed in active form

Membranes isolated from strains expressing the known membrane ATPases Pmalp, Adplp,
and Ena5p, exhibit specific ATP hydrolysis activities above the activity found in membranes
isolated from a control strain expressing the pheromone receptor Ste2p. Each assay was
performed in duplicate as described in Materials and Methods. a. Pmalp and the Ste2p control
were assayed at pH 6. b. Adplp, Ena5p, and the Ste2p control were assayed at pH 7.5.
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Table 1
Protein characteristics tested for association with expression

Page 28

General protein characteristics

Codon usage, codon adaptation index

Molecules per cell under chromosomal expression

Percentage of total protein residues that are aromatic

Isoelectric point

Size (kDa)

GRAVY score (overall protein hydrophobicity)

Homolog in yeast or other organism

Cellular localization

Predicted to contain a signal peptide

Membrane protein characteristics

Number of predicted transmembrane segments

N- and C-terminal orientation across membrane

Average transmembrane segment length

Percentage of protein in transmembrane segments

Percentage of transmembrane residues that are hydrophobic (WFLIVMY)
Percentage of transmembrane residues that are charged/polar (EDKRHNQST)
Percentage of transmembrane residues that are aromatic (WYF)
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Table 2

Detergent solubility patterns
Solubility pattern # of proteins % total
All 6 detergents 35 31.0%
All except CgE, 6 5.3%
All except CgE, and OG 24 21.2%
Zwitterionic detergents and DDM 12 10.6%
Zwitterionic detergents only 18 15.9%

*

Only 1 detergent 6 5.3%
Insoluble in all 3 2.71%
Miscellaneous 4 3.5%

*
This detergent is always FC-12

N
Always 25%-50% soluble in FC-12

J Mol Biol. Author manuscript; available in PMC 2008 January 19.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

White et al.

Table 3
Critical micelle concentrations (CMC) of detergents

Page 30

* *

Detergent cmc (mM) cmc (%(wiv))
CeEy 8.0 0.25

oG 18.0 0.53
DDM 0.17 0.0087
EC-12 15 0.047
LDAO 1.0 0.023
TX-100 0.23 0.015

*
Source: Anatrace catalog, available at http://www.anatrace.com/downloads.htm
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