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FIG. 8. Representation of phenotypically silent (Lct™) and phenotypically defective (Lct™ and Lct™) B-subunit single missense mutations
on linear and helical wheel diagrams. Hydrophobic residues are indicated by filled letters, and hydrophilic residues are indicated by open
letters. In the composite helical wheel diagrams, the letters next to the circle represent the wild-type residues, whereas the more distal letters
represent the various mutant residues isolated at positions 2 through 14. (A) Linear map of phenotypically defective and phenotypically silent
single missense mutations; (B) composite helical wheel diagram of phenotypically silent (Lct*) B-subunit single missense mutations; (C)
composite helical wheel diagram of phenotypically defective (Lct™ and Lct™) B-subunit single missense mutations.

to different growth phenotypes were interspersed throughout
the sequence in a seemingly random manner (Fig. 8A).
However, when the mutant residues were collectively
placed on a helical wheel projection, which approximates the
two-dimensional distribution of amino acid residues arrayed
about the longitudinal axis of an alpha helix, clear trends
became apparent. Based upon projections of both the phe-
notypically silent mutant signals (Fig. 8B) and mutant signals
that cause lactate growth defects (Fig. 8C), the importance
of the amphiphilic nature of the helix becomes apparent.
Either the substitution of polar residues on the hydrophobic
side of the helix or a loss of basic residues on the hydrophilic
side of the helix results in a lactate growth defect. However,
conservative amino acid changes on the hydrophobic surface
and a wide range of changes on the hydrophilic surface at
positions other than the basic residues are silent. This

indicates that the basic residues may be the only critical
hydrophilic residues and that the other residues on the
hydrophilic surface may be constrained only in that they
must promote (or at least not disrupt) the alpha-helical
structure of the signal. Overall, these changes are as pre-
dicted if the targeting signal functions in an amphiphilic
alpha-helical conformation.

Several mutant signals containing only one of the two
basic residues that occur in the WT(1-14) signal were still
functional, although at a reduced level (45 to 60% imported;
see mutants RS-T, RS-I, and R12-H in Table 2). This
demonstrates that two basic residues are required for effi-
cient import but only one basic residue is necessary for a
partially functional mitochondrial protein import signal.
Only when a helix-destabilizing residue was substituted for a
basic residue (R12-P) was function lost. In addition, when
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TABLE 4. Rules for a functional mitochondrial import signal

No. of mutants that conform to rules/total (%)
Potential rules: signal

functional if: Single Double Total
mutants mutants mutants
HM? > 5.5 26/32 (81) 30/45 (67) 56/77 (73)
HM > 5.5, no 28/32 (88) 33/45 (73) 61/77 (79)
acidic residues
HM > 5.5, no helix 27/32 (84) 35/45 (78) 62/77 (81)
breakers
HM > 5.5, no 29/32 (91) 38/45 (84) 67/77 (87)

acidic residues or
helix breakers

<4 HM, Hydrophobic moment.

another basic residue, lysine, was substituted for an arginine
residue (R5-K), no significant change in the level of targeting
was seen. Only at one position (leucine at position 6) did the
wild-type residue appear to be critical for function. Each of
three substitutions (L.6-R, L6-P, and L6-Q) at this position
resulted in a Lct™ phenotype, decreasing B-subunit accumu-
lation in mitochondria below 25% (Table 2). This amino acid
residue may be important because it is a central component
in the hydrophobic surface of the helix, and the substitutions
characterized here may be detrimental because each of the
mutations replaced this residue with either a hydrophilic or
helix-destabilizing residue. However, an alternative possi-
bility is that this residue provides a critical interaction with a
component of the import machinery. If this were the case,
this residue should be more highly constrained than would
be predicted if it functioned solely as a component of the
amphiphilic alpha helix. Additional experiments are required
to distinguish between these possibilities.

Because of the observed correlation between the func-
tional properties of most mutant signals and the amphiphilic
alpha-helix model, we turned to a more quantitative measure
of this trait. Hydrophobic moment values, which give a
numerical value for the amphiphilicity of a defined portion of
a protein (7, 8), were calculated for the NH, terminus of the
77 single and double missense mutants by using constraints
identical to those used by von Heijne (38). When these
values were compared with the lactate growth phenotypes of
each of the mutant isolates, a strong correlation was ob-
served (Tables 2 and 4). For the single mutants, most
targeting signals having a hydrophobic moment greater than
5.5 were capable of providing sufficient import to allow
wild-type growth on lactate media, whereas signals having a
value less than 5.5 were either Lct(Ts) or Lct™.

Besides the hydrophobic moment cutoff at 5.5, it was also
observed that the introduction of acidic residues or helix-
destabilizing residues (proline or glycine) almost always led
to a respiration-defective [Lct(Ts) or Lct™] phenotype.
When these three constraints were simultaneously compared
with the lactate growth phenotype of the mutants, 91% of the
single mutants and 87% of the combined single and double
mutants conformed to these rules (Table 4). This high level
of correlation demonstrates that these features represent
important characteristics of a mitochondrial protein import
signal.

DISCUSSION

The function of mitochondrial protein import signals has
been proposed to depend on the ability of the signal to
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assume an amphiphilic alpha-helical structure. Evidence
supporting this model comes from a statistical study that
examined common characteristics of known mitochondrial
protein targeting sequences (38) and from biophysical stud-
ies with synthetic peptides (10, 30, 31). Although in many
cases the results of these studies were consistent with the
amphiphilic helix model, in vivo experiments that directly
and systematically addressed the sequence and structural
requirements of a mitochondrial protein import signal in a
more physiological manner have largely been lacking. Most
of the previous mutational studies of mitochondrial protein
import signals have been limited to deletion and gene fusion
studies that sought to define the smallest portion of a
mitochondrial presequence that could still direct a measur-
able amount of protein import into mitochondria. Detailed
analysis of the import properties of mutations generated by
point mutagenesis has been used in only a few cases (16-18,
27), and a clear consensus of characteristics that are both
necessary and sufficient to define a functional signal using
such a genetic approach has not been obtained. In addition,
It has recently been shown that some mutant precursors
defective for mitochondrial import in vitro are still compe-
tent for import (to various extents) in vivo (20; Bedwell and
Emr, unpublished results). Because of these findings, we feel
that it is important to make a distinction between import
defects based on in vitro and in vivo results.

The present study represents the most extensive system-
atic point mutational analysis of a minimal mitochondrial
protein import signal. Analysis in the context of a minimal
targeting sequence may be critical, since previously obtained
results indicate that point mutations in the targeting signals
of certain precursors can be phenotypically suppressed in
the context of redundant targeting information (2, 27). A
strong correlation was observed when the predicted struc-
tural and charge alterations caused by each mutation in the
B-subunit minimal targeting sequence were compared with
the lactate growth phenotype of the corresponding mutant.
Together these observations have revealed a set of con-
straints that this signal must conform with to function
properly. These include the following: (i) the hydrophobic
moment for an alpha-helical structure near the NH, terminus
of the B-subunit precursor must be greater than 5.5 to direct
a level of import sufficient to confer wild-type growth with
lactate as the sole carbon source, (i) at least two basic
residues are necessary for efficient signal function, and (iii)
acidic and, (iv) helix-breaking residues were found to ac-
tively interfere with the function of the targeting signal.
When these rules were applied to our collection of 77 single
and double point mutants, nearly 90% of the isolates con-
formed, indicating the accuracy of these simple rules in
defining criteria important for a functional targeting signal
(Table 4). However, it is important to note that the second-
ary structure predictions made for these mutant signals are
based solely on a computer algorithm and remain to be
confirmed experimentally. Other potentially important fea-
tures that are implied but not tested directly in this study
include the requirement that the NH,-terminal targeting
signal must be accessible for recognition by the import
machinery and the role that mature protein sequences may
play in either facilitating import or in enhancing the activity
of the NH,-terminal signal.

It should be noted, however, that these criteria are based
on the effects of mutations within the context of the minimal
targeting sequence encoded in residues 1 through 14 of the
wild-type B-subunit precursor. Although this method is
accurate in predicting the effects of mutations within this
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specific targeting sequence, caution should be used when
applying these rules to predict whether an unknown se-
quence will function as a mitochondrial protein import
signal. An analysis more specifically designed to discern
mitochondrial protein targeting signals from nonmitochon-
drial proteins has been done by von Heijne (38). In that
study, the amino acid sequences of 23 mitochondrial and 132
cytosolic proteins were used in a statistical analysis in which
the NH, termini of these proteins were compared with those
of known surface-seeking peptides (such as calcitonin ana-
logs). It was concluded that regions near the NH, termini of
mitochondrial precursors generally contain segments of high
alpha-helical hydrophobic moment. By comparing the values
of these proteins with those obtained for cytoplasmic pro-
teins, a hydrophobic moment value of 7.3 (among other
criteria) was assigned as the general cutoff for mitochondrial
protein-targeting signals. Our calculations of hydrophobic
moment values for the B-subunit minimal targeting sequence
derivatives were done by using the same equation and
scanning window size (18 residues) as those used by von
Heijne (38), thereby allowing a direct comparison between
values for the mutant B-subunit derivatives and natural
mitochondrial protein targeting sequences. Although the
WT(1-14) B-subunit value of 5.8 was well below the von
Heijne cutoff point for a predicted mitochondrial protein
import signal, it was near or above the values calculated for
two natural mitochondrial import signals contained within
the precursors of Mn-superoxide dismutase and cytochrome
oxidase subunit Va. This is consistent with a single redun-
dant domain of the B-subunit targeting sequence
[represented here by the WT(1-14) minimal sequence] being
within the limits of signal function but at a level allowing
point mutations within this sequence to abolish most or all
residual activity. The von Heijne cutoff point was made at
the level of 7.3 to maintain a stringent discrimination be-
tween mitochondrial and cytosolic proteins. Perhaps if
other, more subtle constraints (such as accessibility of the
NH, terminus) were taken into account, an equal degree of
accuracy might be maintained at a lower level (such as 5.5 to
6.0). Alternatively, minor modifications of the algorithm
used to calculate the hydrophobic moment value may in-
crease the predictive accuracy. One such modification, in
which the contribution of side chain flexibility was included
in determining amphiphilicity, has recently been described
(12).

It is often speculated that the surface-seeking properties of
mitochondrial protein-targeting signals lead to the direct
interaction of mitochondrial precursors with mitochondrial
membrane(s). Although this may be true, it should not be
overlooked that the same structures that give these se-
quences their membrane-seeking properties may also be
critical for association with protein factors involved in the
initial delivery of the precursor to the mitochondrial surface,
in the interaction of the signal with a component (such as a
receptor) on the mitochondrial surface, or in an interaction
with component(s) of the translocation machinery. Based
upon in vitro experiments, such factors appear to be essen-
tial for mitochondrial protein import (26, 29, 39). Therefore,
our isolation of point mutations within a mitochondrial
protein targeting signal that may block import by abrogating
one or more of these interactions could allow the selection of
suppressor mutants that identify genes encoding these pro-
teins. In preliminary experiments we have already obtained
extragenic suppressors of certain Lct™ B-subunit mutants
(Bedwell, unpublished results). Further experiments are
needed to determine whether these loci indeed encode gene
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products that participate directly in the process of mitochon-
drial protein import.

We have also isolated mutant signals that appear to target
the B subunit to mitochondria more efficiently than the
WT(1-14) import signal. This result was both surprising and
intriguing, since it could be assumed that the natural signal
would be optimized to provide the most efficient possible
rate of import. However, we have accumulated a consider-
able amount of evidence from both in vivo (2) and in vitro
(Bedwell and Emr, unpublished results) experiments indicat-
ing that the reduction of the B-subunit signal to a single
redundant domain greatly diminishes its import efficiency. It
is not clear why certain proteins such as the F,-ATPase 8
subunit (2) and the alcohol dehydrogenase isozyme III (27)
appear to have redundant targeting information, whereas
other proteins, such as cytochrome oxidase subunit IV (19)
and ornithine transcarbamylase (17) do not. Interestingly, it
was recently reported that the region of ornithine transcar-
bamylase previously shown to be essential for in vitro
mitochondrial import is not required for import in vivo (20).
This result raises the possibility of redundancy in this
mitochondrial protein import signal as well. Further studies
will be needed to address the general importance of func-
tional redundancy in mitochondrial protein-targeting signals.

Proteolytic processing of the B-subunit precursor by the
matrix processing protease has been reported to occur
between amino acid residues 19 and 20 of the precursor (35).
This assignment was based upon the cleavage of an in
vitro-synthesized B-subunit precursor by a soluble mito-
chondrial matrix extract. We have found that the B-subunit
minimal targeting sequence constructs, which contained a
deletion of residues 15 through 34 of the wild-type B-subunit
precursor, were still processed by the matrix processing
protease. This suggests that the recognition site for the
matrix protease and the actual cleavage site may be physi-
cally separated in the precursor molecule. The minimal
B-subunit constructs apparently still retain most or all of the
recognition site, and this information is sufficient to provide
efficient cleavage in most cases. This is unlike the cleavage
site of secretory proteins, in which information directly
adjacent to the processing site (between residues —5 and —1
with respect to the mature protein) is critical for cleavage of
the signal sequence upon entry into the endoplasmic reticu-
lum (37).

The nonselective aspect of the mutagenesis approach
described here offers important advantages over classical
methods that only allow the isolation of mutations leading to
defective growth phenotypes. Phenotypically silent muta-
tions can be as informative as mutations leading to growth
defects, since they can define the limits of change that are
allowed at a given amino acid position. In addition, when
most of the candidates from a limited set of potential
mutations are isolated, it greatly facilitates the analysis of
double mutants by allowing the contributions of each muta-
tion to be determined separately. By comparing the effect of
a number of mutations both individually and in combination
with a second mutation, a picture of the intimate interactions
between the amino acid residues making up the targeting
signal can be seen (Table 3). Clearly, mitochondrial protein-
targeting signals do not function solely at the level of
individual amino acids. Instead, interactions throughout the
signal led to both positive and negative phenotypic effects on
the function of the minimal targeting sequence in ways
usually predicted by the rules outlined above. Ultimately,
more extensive characterization of the functional and phys-
ical properties of these mutant targeting signals and a better
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understanding of the mutant signals that represent excep-
tions to the established rules may allow us to more com-
pletely understand the features that give mitochondrial pro-
tein targeting sequences their unique properties.
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