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BIOCHEMISTRY

When less is more: Counterintuitive stoichiometries
and cellular abundances are essential for ABC
transporters’ function

Hiba Qasem Abdullah't, Nurit Livnat Levanon't, Michal Perach’, Moti Grupper?,
Tamar Ziv®, Oded Lewinson'*

Prokaryotes acquire essential nutrients primarily through adenosine triphosphate-binding cassette (ABC) im-
porters, consisting of an adenosine triphosphatase, a permease, and a substrate-binding protein. These importers
are highly underrepresented in proteomic databases, limiting our knowledge about their cellular copy numbers,
component stoichiometry, and the mechanistic implications of these parameters. We developed a tailored pro-
teomic approach to compile the most comprehensive dataset to date of the Escherichia coli “ABC importome.”
Functional assays and analyses of deletion strains revealed mechanistic features linking molecular mechanisms to
cellular abundances, colocalization, and component stoichiometries. We observed four to five orders of magni-
tude variation in import system abundances, with copy numbers tuned to nutrient hierarchies essential for
growth. Abundances of substrate-binding proteins are unrelated to their substrate binding affinities but are tight-
ly yet inversely correlated with their interaction affinity with permeases. Counterintuitive component stoichiom-
etries are crucial for function, offering insights into the design principles of multicomponent protein systems,

Copyright © 2025 The
Authors, some rights
reserved; exclusive
licensee American
Association for the
Advancement of
Science. No claim to
original U.S.
Government Works.
Distributed under a
Creative Commons
Attribution
NonCommercial
License 4.0 (CC BY-NC).

potentially extending beyond ABC importers.

INTRODUCTION

Adenosine triphosphate (ATP)-binding cassette (ABC) transporters
comprise one of the largest and oldest protein families of any pro-
teome, with ~120 members in higher plants, 49 in human, and
~80 in prokaryotes. They harness the energy of ATP hydrolysis to
move molecules across cell membranes (1). In humans, ABC trans-
porters protect cells from toxic materials and deliver biomolecules
to designated compartments. They are directly linked to human dis-
eases and to tumor chemotherapy resistance (2, 3). In prokaryotes,
the high-affinity acquisition of nutrients is mediated by ABC trans-
porters that function as importers (hereafter ABC importers). Each
ABC importer is highly specific to a single nutrient or a group
of highly similar nutrients. Under conditions of nutrient limita-
tion, such as those encountered during host infection, its role is
underscored. It is, therefore, not unexpected that a large number
of bacterial ABC importers have been identified as key virulence
determinants (4, 5).

The functional unit of an ABC transporter minimally consists of
four domains: two transmembrane domains (TMDs) that form the
translocation pathway and two cytoplasmic nucleotide-binding
domains (NBDs) that provide energy via ATP hydrolysis. ABC im-
porters additionally require a substrate-binding protein (SBP) that
binds the substrate and delivers it to its cognate transporter (6).

Knowledge of absolute protein levels (i.e., copy number per cell
and protein cellular concentrations) is essential for kinetic modeling
of biological processes for comparing concentrations of different pro-
teins within or across samples or species and for quantifying protein-
level adaptations to changes in internal or external conditions (7-11).
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As ABC importers provide the main route for prokaryotic nutrient
import, any quantitative study of cellular metabolite influx or me-
tabolism/anabolism balance must consider their copy number. For
multicomponent systems such as ABC importers, other parameters
that need to be considered are component stoichiometry and compo-
nent localization/colocalization (12-14).

Bacterial ABC importers are heavily underrepresented in current
proteomic datasets (11, 15-18). In addition, in contrast to human
ABC transporters (19, 20) and other protein families (21-25), pro-
karyotic ABC importers have not been specifically targeted by pro-
teomic studies. Therefore, we still lack a rigorous understanding of
their copy number, stoichiometries, and the mechanistic implica-
tions of these parameters.

Here, we developed a tailored protocol for the label-free tandem
mass spectrometry (LC-MS/MS) quantification of ABC importers
and compiled a comprehensive dataset detailing their cellular copy
numbers and component stoichiometries. On the basis of these pro-
teomic data, we performed functional assays and identified unex-
pected mechanistic features of ABC importers, linking molecular
mechanisms and physiological roles to cellular copy numbers and
component stoichiometries.

RESULTS AND DISCUSSION

Compilation of the ABC importome dataset

A search of the EcoCyc database (26) identified 47 ABC import systems
in the genome of Escherichia coli K12 strain BW25113. These systems,
hereafter referred to as the ABC importome (table S1), are encoded
by 175 genes, encoding 47 SBPs, 54 NBDs, and 74 TMDs. This com-
position reflects that all SBPs function as monomers. Unlike the
SBPs, which function as monomers, the NBDs and TMDs function
as dimers. Among the NBDs, 7 systems are heterodimeric, while 40
systems are homodimeric. The TMDs exhibit a greater tendency for
heterodimerization, with 27 systems being heterodimeric and 20
being homodimeric.
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The 175 proteins that comprise the ABC importome remain un-
derrepresented in the 18 available E. coli proteomic datasets (https://
pax-db.org/). Moreover, reported abundances of many components
can vary by up to 500-fold across different datasets. These variations
may, in part, arise from the use of different growth media, as reported
by Heinemann and colleagues (11). However, even when identical
media are used, substantial discrepancies between studies persist
(16, 27, 28) likely because of technical differences, including sample
preparation protocols, proteolytic cleavage efficiency, detergent con-
tent, and detection sensitivity.

These inconsistencies complicate the integration of such dispa-
rate data. Therefore, our goal was to compile a unified dataset that
offers a comprehensive overview of the relative abundances of the
components of the ABC importome.

We used the E. coli K12 strain BW25113, the progenitor strain of
the Keio clone collection (29), and a strain used in multiple proteomic
investigations (11, 30-32). Cultures were cultivated in M9-glucose
medium to midexponential phase, harvested by centrifugation, and
stored at —80°C until use.

Initially, LC-MS/MS analysis samples were prepared following a
protocol based on SDS/urea extraction and denaturation, followed
by tryptic digestion. Briefly, the extracts were dissolved in a buffer
containing 10 mM dithiothreitol (DTT) and 5% SDS, sonicated, and
boiled before acetone precipitation. Subsequently, the pellets were
dissolved in urea/ammonium bicarbonate, reduced with DTT, and
modified with iodoacetamide. Digestion was carried out overnight
in the presence of urea/ammonium bicarbonate using trypsin (see
Materials and Methods for full details).

As observed by others (11, 33), using this standard urea-SDS-
trypsin sample preparation protocol, we failed to identify many
of the TMDs (table S2). Missing TMDs of special interest in-
cluded those of the import systems for maltose (MalFGK),
histidine (HisPQM), vitamin B;, (BtuCD), zinc (ZnuBC), and
molybdate (MolBC).

Because the standard urea-SDS-trypsin sample preparation pro-
tocol did not lead to satisfactory coverage, we tested alternative pro-
tocols. We modified three key sample preparation parameters: (i)
protease, (ii) detergent, and (iii) membrane washing agents. Be-
yond trypsin, we explored digestion with chymotrypsin, pepsin,
LysC, WalP, and ProAnalase, all of which have been reported as
promising alternatives for the proteomic analysis of membrane pro-
teins (34, 35). In parallel and in combination, we tested detergents
other than SDS, such as n-dodecyl-B-d-maltoside (DDM), n-decyl-
B-maltoside (DM), and their mixtures. In our experience, SDS often
causes aggregation and sedimentation of ABC transporters, a prob-
lem rarely encountered with maltoside-based detergents.

In addition, we prepared membrane fractions from the same cell
pellets and, for further enrichment, tested washing the membranes
with high salt, EDTA, or sodium bicarbonate—agents known to re-
move loosely attached proteins and enhance the proteomic coverage
of membrane proteins. Table S2 lists the components of the ABC
importome identified using several of these alternative protocols.

The most substantial improvement came from the preparation of
membrane fractions, which enabled the identification of 14 proteins
previously masked by the complexity of the whole-cell proteome.
Other notable improvements were achieved by washing the mem-
branes with 100 mM sodium bicarbonate or using chymotrypsin
instead of trypsin, which led to the identification of seven and nine
additional components, respectively.
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Unfortunately, no single sample preparation protocol achieved
the desired target proteomic coverage of more than 70%. As an al-
ternative, we chose to merge datasets obtained from different proto-
cols. To do this, we first identified datasets with high correlation,
indicating their suitability for merging.

As shown, we observed excellent correlations between technical
and biological replicates (fig. S1, A and B, respectively). Furthermore,
a strong correlation was evident between the intensities of mem-
brane proteins measured in whole cells and those in membrane
fractions prepared from the same cells (fig. S1C), as well as between
membrane protein intensities measured in membrane fractions and
those measured in the same membranes washed in 100 mM sodium
bicarbonate (fig. S1D). In contrast, we observed low to moderate
correlations between samples digested with trypsin and those di-
gested with chymotrypsin, LysC, pepsin, or ProAnalase (fig. S2, A to
D). Similarly, we noted low correlations between samples extracted
with SDS and those extracted with DDM, DM, or a mixture of
DM and DDM (fig. S3, A to C). On the basis of these findings, we
concluded that MS spectra obtained from biological replicates,
membrane fractions, and membrane fractions washed with sodium
bicarbonate can be integrated to form a unified dataset. In contrast,
spectra acquired using alternative proteases or detergents could not
be reliably combined.

Subsequently, we determined the fractional mass for each pro-
tein using its relative intensity-based absolute quantification
(riBAQ) values (36, 37) and the known total protein content
in the sample. These fractional masses were then converted to
copy numbers using the molecular weights of the proteins and
Avogadro’s number. The ABC importome components were inte-
grated into a consolidated dataset using the slopes of the correla-
tion curves (fig. S1, A to D), and cellular copy numbers were
derived by dividing the total copy number of each protein by the
number of cells, as determined through colony counting. The
complete mathematical expressions for these conversions are pro-
vided in Materials and Methods.

Next, we wished to authenticate the cellular copy numbers we
determined. First, we compared our estimated cellular copy num-
bers with those from four other proteomic studies, which used
label-free LC-MS/MS quantification (38, 39), labeled peptides as
internal standers (11), or stable isotope labeling by amino acids in
cell culture quantification (40). For this comparison, we focused on
SBPs because, unlike the TMDs and NBDs, identifying SBPs did
not require additional sample processing steps (e.g., preparation of
membrane fractions and membrane washing with sodium carbon-
ate), which were only applied in our study. Figure S4 shows that our
cellular copy numbers correlate reasonably with these studies [coef-
ficient of determination (R?), 0.61 to 0.81]. However, these correla-
tions should be interpreted cautiously, as they are skewed by outlier
data points. For instance, in fig. S4A, removing the two highest value
data points reduces the R* from 0.81 to 0.58. Nevertheless, our study
demonstrates stronger correlations with each of the four additional
studies than they do with one another (compare figs. S4 and S5).
Collectively, these results suggest that the quality of our comprehen-
sive dataset is on par with what has been reported to date.

To validate the reported cellular copy numbers in a more quanti-
tative way, we used purified proteins as standards. We chose eight
components of the ABC importome that we have purified in the
past. Using our established protocols (41-43), we purified three
SBPs (MetQ, FliY, and BtuF), three NBDs (MetN, YecS, and BtuD),
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and two TMDs (MetI and YecC), representing proteins of low, me-
dium, and high abundance. Each protein was digested separately
with trypsin, and a mixture containing equal molar amounts of the
digested proteins was prepared and desalted. A sample from this
mixture was then analyzed by LC-MS/MS, and the ratio between the
measured intensity of each purified protein and its molar amount
was used to convert the intensity measured in whole-cell samples
into molar quantities. These molar amounts were then compared to
the molar amounts calculated using iBAQ quantification. For com-
plete details of how this comparison was conducted, see Materials
and Methods and table S3.

As shown (Fig. 1), we observed excellent agreement between the
iBAQ quantification from whole-cell lysates and the quantification
using purified protein standards.

Collectively, these results suggest that the data provide a reli-
able estimate of the cellular copy numbers for the components of the
ABC importome. Our final dataset (table S4) includes 42 SBPs, 38
TMDs, and 33 NBDs, which cover approximately 65% of the ABC
importome and represent the most comprehensive coverage to
date. Raw MS data are available via ProteomeXchange with identi-
fier PXD061770.

Abundances of the components of the ABC importome

Figure 2A shows the cellular copy numbers of the SBPs we identi-
fied, and the first notable feature that we noticed was the large vari-
ation in their abundances, spanning over more than four orders of
magnitude (from nanomolar to low millimolar concentrations).
The most abundant SBPs, with approximately 20,000 copies per cell

Log,, mol (iBAQ, cells) g
-17 -16 -15 -14 -13 -12 2
. T T T T -13 @
MetQ @,
R?=0.98 o
Fliy & ]
/ 4 -14 n—)h

YecS 7/ o 5

/MetN = 0%

,~ YecC ] s ; 53

/, Metl E o
, =
Py {1 -16 @
;22 BtuD Q.
v =
BtuF J _ S
17 5
>
L

Fig. 1. High correlation between iBAQ quantification of whole-cell lysates and
intensity-based quantification of purified proteins. A total of 3.45 pmol of each
of the indicated proteins was trypsinized and analyzed by LC-MS/MS, as detailed in
Materials and Methods. The intensity obtained for each of the purified proteins was
then used to derive its “conversion factor,’ which is the ratio between the (known)
mole amount of a given protein and its measured intensity. This conversion factor
was then used to multiply the intensity values obtained for each protein in the
whole-cell samples, generating a predicted mole amount that is the product of the
intensity score determined in whole cells and the conversion factor determined for
the purified proteins. Shown is the correlation between the amount of moles deter-
mined using the iBAQ approach in whole cells and the amount of moles calculated
using the intensities measured in whole cells multiplied by the conversion factor
determined using the purified proteins (y coordinate). The dashed line represents
the linear fit, and the coefficient of determination (R?) is indicated.
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Fig. 2. Abundances and correlations of the SBPs. Shown are the cellular copy
numbers of 37 SBPs, which are color coded as indicated according to their substrate
group. Results are means of biological triplicates, and error bars represent SDs
(A). Shown are the correlations between the periplasmic concentrations of the
SBPs and their substrate binding affinities (B) or their affinity toward cognate trans-
porters (C). The dashed lines represent the linear fit, and the coefficient of determi-
nation (R?) is indicated.

(resulting in a periplasmic concentration of ~0.1 mM), were Liv]
(Leu/Ile/Val SBP) and MetQ (L-Met SBP). In contrast, the least
abundant SBPs, with an average of one to three molecules per cell
(equating to a periplasmic concentration of approximately 2 to 6 nM),
were BtuF and FhuD (B;; and ferric hydroxamate SBPs, respectively).
To ensure that the estimated cellular copy numbers were not spe-
cific to the quantification of trypsin-derived peptides, we repeated
the experiments and analyses using chymotrypsin. Reassuringly,
as shown in fig. S6A, similar abundances were observed with
both proteases.

We hypothesized that this substantial variability might be related
to the substrate binding affinity, where high abundances could po-
tentially compensate for low substrate binding affinities. However,
as illustrated in Fig. 2B, we did not observe such a correlation. For
instance, the highly abundant SBP MetQ exhibits a very high affinity
for methionine (~0.2 nM) (44), whereas FliY, which is approximate-
ly fourfold less abundant, binds cysteine/cystine with a 50,000-fold
lower affinity of ~10 pM (43).

An alternative driving force that may influence SBP abundance is
the affinity of their interaction with their cognate transporters. SBPs
that interact with low affinity may be present at higher concentra-
tions, while those with high affinity may be present at lower concen-
trations. Only seven values of SBP-transporter interaction affinity
have been reported to date (41, 45-49). However, despite this pau-
city of information, we observed a clear correlation between the
SBP-transporter interaction affinities and copy number, with high
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interaction affinities strongly correlating with SBPs of low abun-
dance and low interaction affinities strongly correlating with high
SBP abundances (Fig. 2C). A similar correlation between high inter-
action affinity and low SBP abundance was observed when chymo-
trypsin was used, suggesting that this is a general phenomenon and
not specific to the choice of protease (fig. S6B).

It is difficult to resolve the chicken and egg in this phenomenon:
Do low SBP abundances dictate high interaction affinities with the
transporter, or did high interaction affinities provide a selective
pressure for reduced abundances? Whatever is the cause-effect rela-
tion, these two variables seem to be tightly linked.

In terms of abundance, the SBPs segregate into four distinct
groups (Fig. 2A and fig. S6A): The most abundant SBPs are those
binding peptides and amino acids. This observation aligns with
the high cellular demand for amino acids (50) and with findings
indicating that protein synthesis is the energetically most de-
manding cellular process (51). The second most abundant group
consists of SBPs binding sugars, which are also required in sub-
stantial amounts. As glucose served as the carbon source for
growing the cultures, the lower abundance of sugar-binding SBPs
may result from carbohydrate-mediated metabolic suppression
(52). The third most abundant group comprises SBPs for ions (e.g.,
phosphate, sulfate, and zinc), which are needed in smaller quanti-
ties (53). The least abundant SBPs are those for vitamins and sid-
erophores, which are substances required in minute amounts.
These results demonstrate that, in addition to transporter-SBP
interaction affinity, substrate demand also influences the abun-
dances of SBPs.

Similar to the SBPs, the abundances of the NBDs exhibited sub-
stantial variation, ranging from approximately 2500 copies per cell
(GInQ; involved in glutamine uptake) to around 1 copy per cell
(FecE; participating in Fe’*-dicitrate uptake). Their abundance hi-
erarchy was comparable (although not identical) to that of the SBPs,
i.e., peptides/amino acids > ions > sugars > vitamins/siderophores
(Fig. 3A). The TMDs displayed an identical abundance hierarchy,
but their estimated cellular numbers were considerably lower than
those of the NBDs (Fig. 3B), which may be interpreted to suggest a
stoichiometric excess of the latter. However, we could not detect any
substantial amount of the NBDs in the cytosolic fractions, where
their abundance was similar to that of bona fide membrane proteins,
suggesting that these remnants of “cytosolic” NBDs likely stem
from incomplete removal of membrane fragments from the solu-
ble fraction. As shown later, the NBDs are membrane associated in
a TMD-dependent manner. We, therefore, suggest that the apparent
stoichiometric excess of the NBDs over the TMDs arises from the
technical limitations of membrane protein quantification by LC-
MS/MS (54, 55).

SBP-transporter stoichiometries

Another clear trend that emerges concerns the SBP-transporter stoi-
chiometry: In all systems belonging to the type I subgroup of ABC
importers (6, 56), i.e., systems that import peptides, amino acids, and
sugars, we observed the SBP in stoichiometric excess relative to the
transporter (Fig. 4A, open bars). Similar stoichiometric ratios have
been deduced from measuring protein synthesis rates (57). In con-
trast, this ratio was reversed in all type II systems (systems that im-
port siderophores and vitamins), and the transporter was found in
stoichiometric excess relative to the SBP (Fig. 4A, closed bars). We
postulated that substrate availability may modulate SBP-transporter
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Fig. 3. Cellular abundances of the nucleotide binding and TMDs. Shown are the
cellular copy numbers of 30 NBDs (A) and 37 TMDs (B), which are color coded as
indicated according to their substrate group. Results are means of biological tripli-
cates, and error bars represent SDs.

stoichiometries, where substrate presence either negatively or positively
regulates component expression, thereby altering expression levels
and stoichiometric ratios. To test this, we conducted experiments in
the presence of various substrates. Our analysis focused on the Met,
Mal, Yec, Cys, and Btu systems, which represent both type I and type
II systems and span a spectrum of systems’ abundances, ranging from
high (Met), intermediate (Yec and Cys), and low (Mal) to very low
(Btu). To ensure system saturation, substrates were added at concen-
trations 5- to 10-fold higher than their SBP binding affinities (58-61).
For the Met system, we tested two substrates: L-methionine and D-
methionine. Both are recognized by the SBP (MetQ) and inhibit the
adenosine triphosphatase activity of the transporter by binding to its
cytoplasmic regulatory domain (62). However, the proteinogenic L-
isomer is imported with much higher affinity (44). As shown in
Fig. 4B, the expression levels of the system’s components and, conse-
quently, their stoichiometry remained largely unaffected by both the
inhibitory and transported substrates. Similar results were observed
for the Btu (Fig. 4C) and Mal (fig. S7A) systems, where the expression
levels of the system’s components and their stoichiometry remained
unchanged in the presence of the transported substrate. In our ex-
periments with the Cys and Yec systems, we tested two related
substrates: L-cysteine and its oxidized dimer derivative, L-cystine.
Both substrates are recognized and imported by the Yec system
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Fig. 4. Different SBP-transporter stoichiometries in type | and Il systems.
Shown are representative SBP-transporter stoichiometries determined for type |
(open bars) and type Il systems (full bars). Results are means of biological tripli-
cates, and error bars represent SDs (A). Shown is the label-free quantification (LFQ)
of the abundances of the components (SBP, blue; NBD, orange; TMD, gray) of the
Met (B) and Btu (C) systems determined for cells grown in minimal medium in the
absence (“no addition”) or presence of 20 pM p-methionine, 1 nM L-methionine, or
50 nM By, as indicated. These concentrations correspond to 5- to 10-fold excess
relative to the substrate binding affinities of the SBPs (45, 60). Results are means of
biological triplicates, and error bars represent SDs.

and are linked to the regulation of the expression of the Cys system
(43, 61, 63). Our results showed that the expression levels of all three
components—SBP, NBD, and TMD—in both cysteine-related systems
were markedly reduced in the presence of L-cysteine and L-cystine,
with L-cystine exerting stronger repression (fig. S7, B and C). De-
spite these changes in expression levels, the stoichiometric ratios
between the components remained relatively constant, with the SBP-
transporter stoichiometry in the Yec and Cys systems consistently
greater than 1 (fig. S7, B and C).

These findings suggest that, although there is some variability
among different systems, the SBP-transporter stoichiometry is a ro-
bust parameter inherent to these systems and is largely unaffected
by the presence or absence of substrate.

As shown in Fig. 4A, in type II systems, the SBP-transporter stoi-
chiometry is <<1, and this ratio is substrate independent (Fig. 4C).
This is a very unusual observation that raises questions about the
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relevance of in vitro transport assays conducted with such systems,
which assume that the SBP-transporter stoichiometric ratio is >>1
(42, 49, 64-66). At this point, we can only speculate about the forces
that shaped the different SBP-transporter stoichiometries in type I
and type II systems. Possibly, the higher interaction affinities be-
tween the SBP and the transporters in type II systems necessitated
their reduced stoichiometry. Support for this idea is presented in
the “Mechanistic implications of SBP-transporter stoichiometries”
section, which highlights the functional implications of this unex-
pected stoichiometry.

Interdependence of expression and membrane localization
When comparing whole-cell lysates to membrane fractions pre-
pared from the same cells, we observed a five- to sixfold enrich-
ment in the fractional abundances of the TMDs (see the slope of
the linear fit in fig. S1C). This enrichment factor is somewhat
greater than the one expected based on the fraction of membrane
proteins in E. coli (20 to 25%) (67) and possibly reflects the non-
monotonous technical improvement in detecting membrane pro-
teins associated with reduced sample complexity (68). In contrast,
the SBPs were heavily underrepresented in the membrane fraction.
This is not unusual given the stoichiometric mismatch between the
SBP and the transporter in type I systems and considering that the
periplasm is discarded during membrane preparation. However,
there were three exceptions to this trend, and the SBPs MetQ, BtuF,
and FhuD were enriched in the membrane fraction (Fig. 5). For
MetQ, the SBP of the methionine import system, this is not un-
usual because MetQ is uncharacteristically tethered to the mem-
brane via a lipid anchor (69, 70). BtuF and FhuD, on the other
hand, are “regular” periplasmic proteins that do not contain a
membrane-anchoring domain. Nevertheless, FhuD and BtuF were
not detected in the periplasm and were exclusively membrane
bound. This finding challenges the prevailing dogma that periplas-
mic diffusion of SBPs is a fundamental aspect of the ABC trans-
port mechanism.

The membrane association of BtuF and FhuD could be a result of
a direct interaction with membrane lipids (as is the case of MetQ), a
specific interaction with their cognate TMDs, or interactions with
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Fig. 5. SBPs of type Il systems are membrane bound. Shown (in log; scale) are
the ratios between the abundances of the SBPs in whole-cell lysates versus their
abundances in the membrane fraction. Results are means of biological triplicates,
and error bars represent SDs.
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an unknown membrane protein(s). To distinguish between these
possibilities, we repeated the experiments with strains carrying
chromosomal deletions of the cognate TMDs of eight different im-
port systems. In terms of total expression levels, the SBPs were not
deleteriously affected by the deletion of their cognate TMDs (Fig. 6A).
Notably, the expression of the SBPs for molybdate (ModA) and
zinc (ZnuA) increased 20- and 30-fold, respectively, upon dele-
tion of the corresponding TMDs. We suspect that this represents a
substrate-specific starvation response. The cellular requirement of
both zinc and molybdate cannot be compensated for by alternative
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Fig. 6. Colocalization of SBPs and TMDs in type Il systems. (A and B) Shown is
the fold change in the abundances of the indicated SBPs following deletion of their
cognate TMDs measured in total cell lysates (A) and membrane fractions (B). Shown
are fold changes. Error bars represent SDs, and results represent the mean of bio-
logical triplicates. (C to E) Cells deleted of the indicated TMDs were transformed
with an empty plasmid or one harboring the deleted TMD (— and +, as indicated).
Cells were then permeabilized by mild osmotic shock, and purified SBPs were add-
ed at concentrations x10 their Kp of interaction with their cognate transporters.
Following a 15-min incubation, bound and unbound SBPs were separated by a
wash step. Shown are immunoblots of SDS—polyacrylamide gel electrophoresis of
the total, washed, and cell-bound fractions for the type | systems Yec (C) and His
(D) and for the type Il system Btu (E). For the Btu system, an additional negative
control was provided by cells that expressed the R56A mutant of BtuC that does
not interact with BtuF. The dashed lines mark the boundary between the fluores-
cent and visible light images merged to create the composite image.
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systems. In contrast, SBPs that were not induced by deletion of their
TMDs are either of systems that can be complemented by alternative
sugars/amino acids/peptides (e.g., His, Mal, Yec, and Met) or not essen-
tial under these growth conditions (Fhu and Btu).

Next, we tested whether the membrane association of MetQ,
BtuF, and FhuD depended on their interactions with cognate TMDs.
Deletion of the TMD MetI had no effect on the membrane associa-
tion of its cognate SBP, MetQ (Fig. 6B). This result is expected, as
MetQ is the only E. coli SBP directly anchored to the membrane via
covalent lipidation (69).

In contrast, the stable membrane association of BtuF and FhuD,
both type II system SBPs, was entirely dependent on the presence
of cognate TMDs: Upon deletion of these TMDs, the cellular copy
numbers of BtuF and FhuD remained unchanged (Fig. 6A), but
their membrane association was completely lost (Fig. 6B), dem-
onstrating that this localization was mediated through specific
SBP-TMD interactions. This stable and specific association between
SBPs and TMD:s in type II systems challenges the assumption that
cyclic association-dissociation of SBPs is essential for transport by
ABC importers.

To complement these studies, we performed membrane associa-
tion biochemical assays. In these experiments, we permeabilized the
outer membrane of the cells by a mild osmotic shock treatment (see
Materials and Methods). We then added purified SBPs, incubated,
and washed the cells. Our rationale was that SBPs that freely diffuse
in the periplasm will be removed by this wash step, while those that
are firmly membrane associated will not. We tested two type I SBPs,
HisJ and FliY, and observed that they were removed by the wash
step (Fig. 6, C and D), which are in line with the proteomic data that
show that SBPs of type I systems are not membrane associated. In
contrast, and in line with the membrane enrichment observed for
type II SBPs (Fig. 5), BtuF remained membrane associated despite
the wash step (Fig. 6E). In addition, in line with the proteomic data
was the finding that the membrane association of BtuF fully depended
on the expression of its cognate TMDs (Fig. 6E). These complemen-
tary biochemical studies further suggest that SBPs and TMDs in type
II systems associate very tightly, potentially remaining bound with-
out dissociating.

Similar to the SBPs, the NBDs did not exhibit detrimental effects
on total expression levels upon the deletion of their corresponding
TMDs. In contrast, most NBDs demonstrated an increase in expres-
sion when their TMDs were absent (Fig. 7A). The only exception
was observed with MetN, which completely failed to express in the
absence of Metl. This, coupled with the distinct membrane tether-
ing of MetQ, indicates that the methionine system is an exceptional
case. Despite the heightened expression levels, the NBDs could
hardly be detected in the membrane fraction (Fig. 7B). This implies
that, while the NBDs do not necessitate their corresponding TMDs
for expression per se, they are absolutely dependent on them for
membrane association.

Our collection of deletion strains included two transporters with
heterodimeric TMDs: the histidine transporter HisP,QM and the
maltose transporter MalFGK,. The structures of MalFGK, (71)
show that MalF and MalG are highly asymmetric, each contributing
a different subset of residues to the translocation pore and to the
interaction surface with the SBP. The consensus is, therefore, that
this heterodimeric organization is an inherent and essential prop-
erty of such transporters. To our great surprise, MalF was still pres-
ent in the membranes of the AmalG strain, and as if to compensate
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Fig. 7. TMD-dependent expression and membrane localization of the NBDs.
Shown is the fold change in the total expression level (i.e., abundance determined
in whole-cell extracts) of the indicated NBDs upon deletion of their cognate TMDs
(A). Shown is the membrane enrichment factor of the indicated NBDs measured in
wild-type (WT) (full bars) or ATMD cells (open bars) (B). Error bars represent SDs,
and results represent the mean of biological triplicates.

for the malG deletion, the amount of MalF increased almost exactly
twofold (fig. S8A). In contrast, we could not detect MalG in the
membranes of cells deleted of malF (not shown). These results sug-
gest that MalF can insert into the membrane independently of MalG
and not vice versa. In line with these observations, the membrane
association of MalK (the NBD of the maltose transporter) was hard-
ly affected by the absence of MalG but was nearly completely abol-
ished in the absence of MalF, indicating that the expression of MalF
is sufficient and essential for the membrane association/localization
of MalK (fig. S8B). A somewhat similar phenomenon was observed
with the histidine transporter HisPQM. Both HisM and HisQ (the
TMDs) were detected in the absence of their counterpart. Of the
two, HisQ was less dependent on HisM than vice versa, and its ex-
pression in the membranes of AhisM cells was ~5-fold higher than
that of HisM in AhisQ cells (fig. S8C). Notably, HisP (the NBD) was
readily detected in membranes devoid of HisM but was completely
absent from those devoid of HisQ (fig. S8C). The above observations
raise the possibility that these heteromeric transporters may also
form stable homomeric membrane-bound complexes (i.e., MalF,K,
and HisQ,P,), a suggestion that requires further investigation.

Mechanistic implications of SBP-transporter stoichiometries
As shown in Fig. 4, all type I systems exhibited a stoichiometric excess
of the SBP in the range of 10- to 200-fold over the transporter. Notably,
in the case of the type I maltose transporter, this surplus of the SBP has
been established as crucial for activity. Mutations in the signal se-
quence of the SBP (MalE), which reduce its export to the periplasm
and consequently lower its periplasmic copy number, lead to a de-
crease in transport rates. This reduction in transport rates results in
impaired utilization of maltose as a carbon source (72, 73). It appears,
therefore, that in systems involved in the transport of abundantly
available biomolecules, particularly those required in substantial quan-
tities such as carbohydrates and amino acids, the stoichiometric excess
of the SBP represents an essential mechanistic feature.

Unexpectedly, and perhaps counterintuitively, type II systems ex-
hibited a reversed ratio, with the transporter found in 10- to 100-fold
stoichiometric excess over the SBP (Fig. 4A), and this stoichiometry
persisted both in the presence and in the absence of substrate (Fig. 4C).

Abdullah et al., Sci. Adv. 11, eadq7470 (2025) 21 May 2025

To assess the implications of the “reversed stoichiometry” observed
in type II systems, we adjusted the SBP ratio in the Btu system by
increasing the expression of the SBP (see Materials and Methods for
details). LC-MS/MS analysis confirmed that this adjustment, re-
ferred to as BtuFpgy, replicates the SBP-transporter stoichiometric
ratio observed in type I systems, characterized by an approximately
100-fold excess of SBP. The only modification introduced was the
alteration of this stoichiometric ratio, with all other mechanistic as-
pects of the Btu system remaining consistent with the wild-type
(WT) system.

For these experiments, we used an E. coli strain that can synthesize
methionine exclusively through B,,-dependent catalysis (42). As a
result, this strain can only grow in media supplemented with either
methionine or Bj;. When By, is provided, the high-affinity uptake
activity of the BtuCD-F system becomes crucial for its growth.

In media supplemented with methionine, we observed no dis-
tinction between WT cells expressing the intrinsic low levels of BtuF
(referred to as BtuFy,y) and those expressing BtuFy;gp, (Fig. 8A). Sub-
sequently, we replicated these experiments, but instead of methio-
nine, we supplemented the media with a surplus of By,. As shown in
Fig. 8B, in the presence of high concentrations of By, that support
100% growth (compare Fig. 8, A and B), the elevated expression of
the SBP did not confer either a growth advantage or a disadvantage.
As we lowered the concentrations of B,, making it limiting for growth,
the BtuF,,, cells exhibited a substantial growth advantage, and
this advantage became more pronounced as the concentrations de-
creased (Fig. 8, C to F). This stands in stark contrast to the observa-
tions for the model type I transporter MalFGK-E, where reduced
SBP led to decreased transport and impaired growth (72, 73).

A link between thermodynamics, conformational dynamics,
copy number, and component stoichiometry

The unexpected phenomenon, where increasing amounts of one of
the components of a system lead to reduced output, can be explained
by considering the thermodynamics and physiological role of sys-
tems such as Btu. The physiological role of such type II systems is to
import scarce nutrients, requiring the SBP to have a very high bind-
ing affinity (56). For such high-affinity ligand binding, evolution has
favored a lock-and-key mechanism: The ligand-binding site in the
SBP is mostly preformed and undergoes minimal structural rear-
rangement upon ligand binding (Fig. 9, left). As a result, the ligand-
free and ligand-bound conformations of the SBP are similar (74, 75).
Consequently, the transporter cannot readily differentiate between
the ligand-free and ligand-bound SBP, and under normal physiolog-
ical concentrations, both bind to it with high affinity (Fig. 9, left)
(41). This contrasts with type I systems, where a substantial confor-
mational change in the SBP occurs upon ligand binding (56), allow-
ing the transporter to distinguish between the ligand-free and
ligand-bound forms (Fig. 9, right).

Although the nutrients imported by type II systems are essential
for growth, they are needed in small amounts. For example, as estab-
lished in previous observations (42), and further corroborated by
our findings (Fig. 8B), aslittle as 5 nM B, supports maximal growth.

This concentration corresponds to a periplasmic presence of ap-
proximately three to four B;, molecules, perfectly aligning with the
cellular copy number of BtuF (four copies per cell; table S4). The
cellular copy number of the transporter is approximately 20 (table
S$4), leading to an SBP-transporter stoichiometry of <1 (Fig. 10, top
left). Under these conditions, transporter docking sites are available
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Fig. 8. Unexpected advantage of SBP-transporter stoichiometry <1. AmetE
cells rely on Bj,-dependent enzymatic methionine synthesis. Cell growth is contin-
gent on exogenous methionine or By, with BtuCD-F facilitating the import of the
latter (42, 59). AmetE cells were cultured in the presence of 20 pg/mL methionine
(A) or the indicated concentrations of vitamin B3 (B to E). Shown is the growth of
cells with natural (BtuFow; blue curves) and elevated (BtuFigh; red curves) BtuF lev-
els. In (F), the ratio of the maximal growth rate between BtuFjo,, and BtuFigh cells is
presented as a function of By, concentrations. Notably, under B4; limitation, BtuFio,
cells exhibit approximately sixfold faster growth than BtuFpign cells; under Bs;
abundance, growth is identical. Results are averages of biological triplicates, with
error bars indicating SDs. OD, optical density.

for all Bj;-bound BtuF molecules, and import is normal. In the
manipulated system (BtuFpg), the SBP-transporter stoichiometry
is >1 (Fig. 10, top right). Under these conditions, the expression of
excess BtuF relative to B;, leads to the generation of a population
of By,-free BtuF molecules. Previous studies have demonstrated
that Bj,-free BtuF exhibits very high affinity toward its cognate
transporter (41). Consequently, these ligand-free BtuF molecules
will compete with the fewer ligand-bound ones for docking to
the available transporters (Fig. 10, top right). Given their extremely
slow dissociation rate (~107 s7%) (41), this will effectively clog the
system and reduce uptake rates, as demonstrated in Fig. 8 (C to F).
A similar problem does not arise in type I systems (Fig. 10, bottom).
Their substrates are sufficiently abundant to saturate the SBPs, dimin-
ishing the competition between substrate-free and substrate-loaded

Abdullah et al., Sci. Adv. 11, eadq7470 (2025) 21 May 2025

Typell Typel

Fig. 9. Different modes of ligand binding by type | and type Il SBPs. Type I SBPs
(left) undergo minimal structural rearrangement upon ligand binding. As a result,
the transporter cannot readily distinguish between the ligand-free and ligand-
bound forms of the SBP, and both bind to it with high affinity. In contrast, type |
SBPs (right) undergo substantial structural rearrangement following ligand bind-
ing, and the transporter preferentially interacts with the ligand-bound form. This
image was created with BioRender.com.

SBPs (Fig. 10, bottom right). In addition, type I transporters prefer-
entially associate with substrate-loaded SBPs, and their SBPs rapidly
dissociate from the transporters, avoiding the problem of clogging
the transporters with substrate-free SBPs (41, 45-47). As shown pre-
viously (72, 73), low expression of type I SBPs leads to reduced up-
take (Fig. 10, bottom left), in direct contrast to type II systems (Fig.
10, top left).

It therefore seems that two different SBP-transporter stoichiom-
etries evolved, with ratios >1 and <1 tailored for acquiring biomol-
ecules of high and low abundance, respectively.

How is expression regulated?

Many import systems are expressed at substantial levels even in the
absence of their specific substrates in the growth medium (e.g., Met,
Liv, and His; Figs. 2 and 3). This observation suggests that many
systems are constitutively expressed, remaining in a state of readi-
ness for the appearance of their substrates. Such a strategy elimi-
nates the need for the time-consuming processes of transcription,
translation, membrane insertion, and complex assembly, which
could result in missed import opportunities.

In cases where excessive import of the substrate is toxic (e.g., zinc
and nickel), expression is tightly controlled by substrate-responsive
transcriptional elements (76, 77). However, the findings presented
in Fig. 4 (B and C) and fig. S7A suggest that direct substrate-mediated
feedback regulation does not apply to certain systems, raising ques-
tions about the mechanisms governing their expression.

An alternative explanation could link expression to broader
physiological states. For carbohydrate importers, expression might
be tied to the cell’s energetic balance. Similarly, for peptide and ami-
no acid importers, the general availability of these nutrients could
influence their expression levels. A comprehensive approach inte-
grating multiple omics techniques—such as transcriptomics, pro-
teomics, and metabolomics—could provide a holistic understanding
of the factors driving the expression of these import systems.

In summary, we integrated proteomic analysis with functional
assays to explore correlations between thermodynamic/kinetic
properties, substrate specificity, copy number, and component stoichi-
ometry in ABC import systems. Our findings reveal abundances that
vary over four to five orders of magnitude and correlate with the
quantities of nutrients requiring acquisition. In addition, we observed
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Fig. 10. SBP-transporter stoichiometries <1 are adapted to transporting scarce nu-
trients. Type Il systems, which import scarce compounds such as vitamins, function
optimally when the SBP is present in stoichiometric paucity relative to the transport-
er (top left). Because of the limited environmental availability of ligands, an excess
of SBP leads to a large population of ligand-free SBPs that compete with ligand-
bound ones for transporter interaction, resulting in reduced uptake (top right). In
contrast, type | systems, which import abundant compounds such as amino acids,
perform best when the SBP is in stoichiometric excess relative to the transporter
(bottom right). In these systems, excess SBP does not pose an issue because the
transporter-SBP complex is inherently unstable, and the transporter preferentially in-
teracts with substrate-loaded SBPs. However, in type | systems, a paucity of SBP re-
sults in fewer ligand-binding events, fewer successful transporter-SBP interactions,
and reduced import (bottom left). This image was created with BioRender.com.

that receptors (SBPs) of systems importing rare compounds do not
freely diffuse in the periplasm but are firmly docked to their cognate
membrane-embedded transporter. The tight association between
type II SBPs and their cognate TMDs raises the possibility that
transport in these systems may occur without the SBP ever dissoci-
ating. While this idea is intriguing, to the best of our knowledge,
experimental evidence supporting its existence is still lacking. Nota-
bly, such systems use a reversed stoichiometry, where the receptor is
found in paucity relative to the transporter. Together, the results show-
case correlations between physiological roles, molecular-level attri-
butes, and cellular-context parameters, suggesting their coevolution to
optimize the output of multicomponent systems.

MATERIALS AND METHODS

MS sample preparation and data analysis

Cultures of the E. coli K12 strain BW25113, the progenitor strain of
the Keio clone collection (29), were grown to midexponential phase
in M9 liquid medium containing 42.2 mM Na,HPOy, 22.0 mM KH, POy,
8.6 mM NaCl, 18.7 mM NH,CI, 1% thiamine, 1 mM MgSO,, 10 pM
CaCl,, 0.025% arginine, 0.025% lysine, and 0.5% glucose. Cells were
harvested by centrifugation, washed in phosphate-buffered saline,
and stored at —80°C. Where indicated, membranal, cytosolic, and
periplasmic fractions were prepared from these cell pellets. For the
preparation of the membrane fraction, cells were resuspended in
50 mM tris-HCI (pH 7.5) and 0.5 M NaCl and ruptured by tip soni-
cation (3 s by 20 s, 600 W). Debris and unbroken cells were removed
by centrifugation (10 min, 10,000g), and the membranes were pel-
leted by ultracentrifugation at 120,000g for 45 min. The membranes
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were washed and resuspended in 50 mM tris-HCI (pH 7.5) and
0.5 M NaCl and stored at —80°C. Where indicated, membranes were
subjected to an additional wash step with 100 mM sodium bicar-
bonate, 2 M sodium chloride, or 25 mM EDTA.

Next, the samples were dissolved in 10 mM DTT, 100 mM tris-
HCI, and 5% SDS or 1% DDM, 1% DM, or a mixture of 1%
DDM + 1% DM, as indicated. Samples were sonicated and boiled at
95°C for 5 min and precipitated in 80% acetone. The protein pellets
were dissolved in 9 M urea and 400 mM ammonium bicarbonate,
then reduced with 3 mM DTT (60°C for 30 min), modified with
10 mM iodoacetamide in 100 mM ammonium bicarbonate (room
temperature and 30 min in the dark), and digested overnight in 2 M
urea and 25 mM ammonium bicarbonate at 37°C using a 1:50 (mol/
mol) of modified trypsin (Promega), 1:10 (mol/mol) chymotrypsin
(Roche), 1:50 (mol/mol) ProAnalase (Promega), 1:50 (mol/mol)
WalP (Cell Signaling Technology), 1:3 (mol/mol) pepsin (Promega),
or 1:50 (mol/mol) Lys-C (Fuyjifilm), as indicated, and digestion was
quenched by the addition of 1% formic acid.

The peptides were desalted using C18 tips (TopTip, GlyGen),
dried and resuspended in 0.1% formic acid, and resolved by reversed-
phase chromatography on 0.075 X 180-mm fused silica capillaries
(J&W) packed with ReproSil reversed-phase material (Dr. Maisch,
GmbH, Germany). The peptides were eluted with linear gradients of
acetonitrile with 0.1% formic acid in water: 120 min of 5 to 28%,
15 min of 28 to 95%, and 25 min of 95% at flow rates of 0.15 pl/min.
MS was performed using a Q Exactive HF-X mass spectrometer
(Thermo Fisher Scientific) in a positive mode (mass/charge ratio, 300
to 1800; resolution, 120,000 for MS1 and 15,000 for MS2), and using
repetitively full MS scan, followed by collision, induces dissociation
(higher-energy collisional dissociation at 27 normalized collision en-
ergy) of the 18 most dominant ions (>1 charge) selected from the
first MS scan. The automatic gain control settings were 3 x 10° for the
full MS and 1 X 10° for the LC-MS/MS scans. The intensity threshold
for triggering LC-MS/MS analysis was 1 x 10*. A dynamic exclusion
list was enabled with an exclusion duration of 20 s.

MS data were analyzed using the MaxQuant software 1.5.2.8 (78)
for peak picking and identification using the Andromeda search en-
gine, searching against the human proteome from the UniProt data-
base with a mass tolerance of 6 parts per million (ppm) for the
precursor masses and 20 ppm for the fragment ions. Oxidation on
methionine and protein N terminus acetylation were accepted as
variable modifications, and carbamidomethyl on cysteine was ac-
cepted as a static modification. Minimal peptide length was set to six
amino acids, and a maximum of two miscleavages was allowed. The
data were quantified by label-free analysis using the same software.
Peptide- and protein-level false discovery rates (FDRs) were filtered
to 1% using the target-decoy strategy. Protein tables were filtered to
eliminate the identifications from the reverse database, common
contaminants, and single-peptide identifications.

Statistical analysis of the identification and quantization results
was done using Perseus 1.6.10.43 Software (79). Raw MS data are
available via ProteomeXchange with the identifier PXD061770.

Calculation of cellular copy numbers
To calculate cellular copy numbers, Eq. 1 was used to determine
relative iBAQ values (36, 37) for each protein

iBAQ(7)

iBAQ(i) =
HBAQE) Total iBAQ (sample) M)
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where riBAQ(J) is the relative iBAQ value of protein i, iBAQ(i) is its
iBAQ value as determined by MaxQuant, and Total iBAQ (sample)
is the sum of all iBAQ values of the sample. Using Eq. 2, the mass (in
grams) was calculated for each protein by multiplying riBAQ(i) by
the total protein mass of the sample

m(i) = riBAQ(i) X Total mass (sample) ()
The total number of moles present in the sample for a given pro-
tein was obtained using Eq. 3
mi)
= : ©)
MW()
where 7 is the total number of moles, m is the total mass of a given
protein present in the sample, and MW is its molecular weight. The

total number of molecules of a given protein present in the sample,
N(i), was then obtained using Avogadros number (Eq. 4)

n(i)

N() = n(i) X 6.023 x 10% (4)

Last, cellular copy numbers, C(i), were determined using Eq. 5

NG
ci)= Number of cells

(5)

where N(i) is the total number of molecules obtained using Eq. 4
and the number of cells determined by colony counting.

Quantification using purified proteins standards

MetQ, FliY, BtuE, MetN, YecS, BtuD, MetI, and YecC were purified
to >90% homogeneity, as previously described by our group (41, 43).
Five micrograms of each protein was digested by trypsin, following
the method described above. To minimize technical variation, the
proteins were combined in a mixture, containing 3.45 X 10™*! mol
from each, and desalted. A mixture containing 3.45 X 10™** mol
from each protein was then analyzed by LC-MS/MS using a Thermo
Fisher Scientific HF-X mass spectrometer. Data were processed us-
ing MaxQuant 2.4 with a 1% FDR, and all proteins were identified
by at least six peptides. The ratio between the measured intensity of
each purified protein and its known molar amount was used to con-
vert the intensity measured in whole-cell samples into molar quanti-
ties. This molar amount was then compared to the value calculated
using iBAQ quantification.

Membrane association assays

For the membrane association that studies only fresh cultures,
ones that have not been frozen and/or stored were used. The
experiments were conducted essentially as previously described
(41, 80), with the following modifications. Cells were transformed
with an empty vector or with the same vector encoding the trans-
porters YecSC, HisPQM, or BtuCD, as indicated. Cultures were
grown in LB-ampicillin medium at 37°C with shaking to midex-
ponential phase, and protein expression was induced by isopropyl
B-p-1-thiogalactopyranoside (0.5 mM) for 1 hour. Cells were har-
vested and resuspended in 10 mM tris-HCI (pH 7.5) and 0.75 M
sucrose. The cell suspension was then incubated on ice for 20 min in
the presence of lysozyme (100 pg/ml; Amresco) and two volumes
of 1.5 mM EDTA. The spheroplasts were then stabilized by the
addition of 25 mM MgCl,, and DNA originating form ruptured
cells was digested with deoxyribonuclease I (100 pg/ml; Worthington).
The spheroplasts were pelleted and resuspended in 100 mM tris-HCl
(pH 7.5), 150 mM NaCl, and 5 mM MgCl, to an ODgq (optical
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density of 600 nm) of about 10 and kept on ice until use. Purified
FLAG-tagged SBPs were added to the spheroplast suspension (160 nM
BtuF, 5 pM FliY, and 15 pM His]), and following a 10-min incu-
bation, unbound material was removed by 5-min centrifugation at
2500g. The amount of FLAG-tagged SBPs in the total, washed, and
bound fractions was visualized using standard immunoblot proce-
dures using an anti-FLAG M2 horseradish peroxidase-conjugate
antibody (Sigma-Aldrich).

B, utilization assays

This assay is based on the original protocol developed by the Kadner
laboratory (59). In the E. coli AmetE strain, methionine biosynthesis
is solely catalyzed by MetH, a B;;-dependent methionine synthase.
In this strain, growth is therefore dependent on the exogenous addi-
tion of either methionine or B;,. When the latter is supplied, growth
fully depends on the uptake function of BtuCD-F (59). In the ex-
periments shown in Fig. 8, BtuFj,,, cells refer to AmetE cells trans-
formed with an empty vector, and BtuFy cells refer to the same
cells transformed with a BtuF-encoding vector. Expression of the
plasmid was not induced during the experiment, and, hence, excess
BtuF in the BtuFyg, cells originates from promoter leakiness. As de-
tailed in the text, this leaky expression amounts to 1000 to 2000 cop-
ies of BtuF per cell. Cultures were grown in LB media supplemented
with kanamycin (50 pg/ml) and ampicillin (100 pg/ml) to mid-log
phase and washed and resuspended in Davis minimal media to an
ODggo of 0.05. Cultures (0.2 ml) were then grown in the absence or
presence of methionine or By, as indicated. The OD of the cultures
was measured every 5 min for 12 hours using an automated plate
reader (Infinite M200 Pro, Tecan).
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