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ABSTRACT The peptidoglycan exoskeleton shapes bacteria and protects them
against osmotic forces, making its synthesis the target of many current antibiotics.
Peptidoglycan precursors are attached to a lipid carrier and flipped from the cyto-
plasm into the periplasm to be incorporated into the cell wall. In Escherichia coli, this
carrier is undecaprenyl phosphate (Und-P), which is synthesized as a diphosphate by
the enzyme undecaprenyl pyrophosphate synthase (UppS). E. coli MG1655 exhibits
wild-type morphology at all temperatures, but one of our laboratory strains (CS109)
was highly aberrant when grown at 42°C. This strain contained mutations affecting
the Und-P synthetic pathway genes uppS, ispH, and idi. Normal morphology was re-
stored by overexpressing uppS or by replacing the mutant (uppS37) with the wild-
type allele. Importantly, moving uppS31 into MG1655 was lethal even at 30°C, indi-
cating that the altered enzyme was highly deleterious, but growth was restored by
adding the CS109 versions of ispH and idi. Purified UppSW3'R was enzymatically de-
fective at all temperatures, suggesting that it could not supply enough Und-P during
rapid growth unless suppressor mutations were present. We conclude that cell wall
synthesis is profoundly sensitive to changes in the pool of polyisoprenoids and that
isoprenoid homeostasis exerts a particularly strong evolutionary pressure.

IMPORTANCE Bacterial morphology is determined primarily by the overall structure
of the semirigid macromolecule peptidoglycan. Not only does peptidoglycan con-
tribute to cell shape, but it also protects cells against lysis caused by excess osmotic
pressure. Because it is critical for bacterial survival, it is no surprise that many antibi-
otics target peptidoglycan biosynthesis. However, important gaps remain in our un-
derstanding about how this process is affected by peptidoglycan precursor availabil-
ity. Here, we report that a mutation altering the enzyme that synthesizes Und-P
prevents cells from growing at high temperatures and that compensatory mutations
in enzymes functioning upstream of uppS can reverse this phenotype. The results
highlight the importance of Und-P metabolism for maintaining normal cell wall syn-
thesis and shape.

KEYWORDS UppS, isoprenoid, undecaprenyl phosphate, peptidoglycan, morphology,
Und-P, isoprenoids

soprenoids, also referred to as terpenoids or terpenes (1, 2), are one of nature’s most

chemically diverse families and are produced by organisms in all three biological
kingdoms (1-4). Some of these polyisoprenyl lipid carrier compounds are required for
synthesizing peptidoglycan (PG) and membranes, as well as for synthesizing the
ubiquinones that enable aerobic respiration (5, 6). In addition, the newly invigorated
field of metabolic engineering is creating or manipulating such isoprenoids for pro-
ducing new pharmaceuticals, flavorings, vitamins, and agrochemicals at low cost and in
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FIG 1 The methylerythritol phosphate (MEP) and mevalonate phosphate (MVA) pathways. Enzyme
designations are associated with each step in the pathways (arrows). The three enzymes in red are
discussed further in the text: IspH, diphosphate reductase; Idi, isopentenyl diphosphate isomerase; and
UppS, undecaprenyl diphosphate synthase. PYR, pyruvate; G3P, glyceraldehyde 3-phosphate; DXP,
1-deoxy-D-xylulose 5-phosphate; MEP, 2C-methyl-p-erythritol 4-phosphate; CDP-ME, 4-diphosphocytidyl-2C-
methyl-p-erythritol, CDP-MEP, CDP-ME-2-phosphate; ME-cPP, 2C-methyl-p-erythritol 2,4-cyclodiphosphate; HVIBPP,
1-hydroxyl-2-methyl-2-(E)-butenyl 4-diphosphate; IPP, isopentenyl diphosphate; DMAPP, dimethylallyl diphos-
phate; GPP, geranyl diphosphate; FPP, faresyl diphosphate; Und-PP, undecaprenyl pyrophosphate; MVA, meval-
onate; Mev-P, mevalonate 5-phosphate; Mev-PP, mevalonate pyrophosphate; MVK, mevalonate kinase; PMK,
phosphomevalonate kinase; MDD, mevalonate pyrophosphate decarboxylase.

large amounts (2, 7-9). The ubiquity, essentiality, and utility of the isoprenoids dem-
onstrate how important it is to understand more fully the enzymes and pathways that
make and modify them.

All isoprenoids are made from two basic five-carbon precursor units, isopentenyl
diphosphate (IPP) and its isomer, dimethylallyl diphosphate (DMAPP) (3). The extreme
variety of the eventual products arises by combining different numbers of these two
substrates in varied ways (7, 9). In Escherichia coli and most other bacteria, IPP and
DMAPP are synthesized via the methylerythritol phosphate (MEP) pathway, while
eukaryotes, most archaea, and certain Gram-positive cocci (Staphylococcus and Entero-
coccus spp.) make the same compounds via the mevalonate (MEV or MVA) pathway (2,
9). In E. coli, the first committed step in the MEP pathway is catalyzed by 1-deoxy-p-
xylulose 5-phosphate (DXP) synthase (DXS), which condenses pyruvate and glyceral-
dehyde 3-phosphate to synthesize DXP (Fig. 1) (10). After several intermediate reactions
(Fig. 1), IspH (4-hydroxy-3-methyl-butenyl-1-diphosphate [HMBPP] reductase) produces
both IPP and DMAPP, after which the ratio of these compounds is adjusted by the
isomerase Idi (11), and IspA combines two IPP with one DMAPP to generate farnesyl
diphosphate (FPP or C,5-PP) (Fig. 1). At this point, the pathway branches, with FPP
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being used as the initial substrate for synthesizing several products, including unde-
caprenyl phosphate (Und-P), ubiquinone, and other isoprenoids (Fig. 1) (12).

In all cells, the primary lipid carrier molecule is a membrane-associated polyprenol
(5, 13). This compound constitutes a biochemical branch point that may become a
bottleneck because the carrier serves multiple pathways that transfer sugars and
polysaccharides across the cytoplasmic membrane (13). In Gram-negative bacteria,
such as E. coli, these products end up in the periplasm or on the exterior of the outer
membrane, while in Gram-positive bacteria and in eukaryotic cells, analogous products
are shuttled to the external milieu or across the endoplasmic reticulum (14, 15). In
bacteria, either Und-P or decaprenyl phosphate (Dec-P) performs this duty during the
synthesis of several polymeric glycans, including cell wall peptidoglycan (16, 17), wall
teichoic acids (18), enterobacterial common antigen (19), O antigen (20), capsules (21),
and other polysaccharides (22-26). In E. coli, undecaprenyl pyrophosphate synthase
(UppS) adds eight units of IPP to FPP to yield undecaprenyl pyrophosphate (Und-PP),
a 55-carbon isoprenoid also known as bactoprenol-PP or C;5-PP, which is then dephos-
phorylated to yield Und-P (Fig. 1) (27). A suite of glycosyltransferases links one or more
sugar residues to Und-P, and these intermediates are translocated across the cytoplas-
mic membrane where they may be modified before being transferred onto recipient
polysaccharides or proteins (28-32). This last reaction releases free Und-PP, which is
returned to the cytoplasm either before or after being dephosphorylated to Und-P, and
this recycled Und-P repeats the carbohydrate transfer process for the same or a
different pathway (33).

Given their fundamental importance, it is not surprising that mutations in isoprenoid
pathways can affect bacterial growth, but it is intriguing that some of these mutations
also alter cell shape (34-39). The usual explanation for either phenotype is that
interfering with isoprenoid synthesis alters the rate of production of Und-P, which in
turn may affect cell wall synthesis (37, 38, 40, 41). In a similar vein, sequestering Und-P
in unusable intermediates also makes it less available for PG synthesis, leading to
assorted defects in growth and cell shape (42-44). Nonetheless, what remains unclear
is how much Und-P is required for optimal PG synthesis and how the final concentra-
tion of Und-P is affected by altered levels of IPP-related substrates.

Here, we find that a laboratory strain of E. coli, CS109, is highly misshapen when
grown at 42°C, unlike other common strains that produce cells with normal rod shapes
at this temperature. In a comparison of the genome of CS109 with that of the canonical
strain MG1655, we determined that this phenotype is influenced by three mutations
which affect isoprenoid synthesis. In particular, E. coli CS109 contains a missense
mutation in uppS (uppS31, which encodes UppSW3'R). When present by itself, this
mutation is extremely deleterious to the growth and morphology of E. coli MG1655,
even at temperatures as low as 30°C. The other two mutations, in ispH or upstream of
idi, are not themselves injurious but instead relieve the effects associated with uppS37,
suggesting that these arose as secondary suppressor mutations. This is the first
reported phenotype associated with the loss or mutation of idi in organisms that use
the MEP pathway. Finally, in vitro assays with purified UppSW3'R indicate that this
variant does not synthesize isoprenoids as efficiently as wild-type UppS, regardless of
temperature. Overall, the results indicate that bacterial shape is highly sensitive to
changes in the availability of the lipid carrier Und-P and that altering individual
enzymes in the Und-P synthetic pathway can substantially reverse deleterious muta-
tions in uppS.

RESULTS

E. coli CS109 exhibits temperature-sensitive cell shape defects. E. coli grows well
over a range of temperatures to about 50°C and produces uniformly rod-shaped cells
under these conditions, as illustrated by the growth of E. coli MG1655 (Fig. 2A and Q).
Unexpectedly, however, one of our laboratory strains, E. coli CS109, grew normally at
30°C (Fig. 2A) but at 42°C produced cells that were swollen and longer (Fig. 2C). At 30°C,
these two strains had the same mean cell size (Fig. 2B), but CS109 was ~3.4-fold larger
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FIG 2 Cells expressing uppS31 are misshapen at 42°C. (A and C) Cells were grown in LB to an ODg, of
0.5 to 0.6 at 30°C (A) and 42°C (C) and photographed by phase-contrast microscopy. The scale bar
represents 3 um. (B and D) Flow cytometry of cells at 30°C (B) and 42°C (D). Shown are histograms of the
forward-scatter area of 100,000 live cells of either MG1655 or CS109, as shown in panels A and C. The
mean of the forward scatter area is reported in arbitrary units (AU) to the right of each curve. The dashed
line represents the mean forward-scatter area of MG1655.

than MG1655 when grown at 42°C (Fig. 2C and D). We previously observed that these
two strains differed in other traits, such as motility, spheroplast recovery, and cell
spiraling. However, this temperature-sensitive (ts) defect appeared to be unique, so we
investigated its cause in more detail, because changes in cell shape often herald
problems with cell wall synthesis or cell division (45).

Growth and cell shape are altered by mutations affecting synthesis of Und-P
and isoprenoids. By sequencing the genomes of E. coli CS109 and MG1655, we found
that the two strains differed in a number of ways, including several base pair changes
and insertion sequence (IS) insertions (Table 1). With respect to the current work, three
differences stood out, i.e, compared to wild-type MG1655, CS109 carried missense
versions of uppS and ispH, as well as an IS7 insertion 20 bp upstream of idi (Table 1).
Each of these three gene products helps synthesize Und-P (Fig. 1), the lipid carrier for
PG synthesis, suggesting that one or more of these mutations may have affected the
synthesis or availability of Und-P as well as cell shape.

TABLE 1 Genomic differences in E. coli CS109 and E. coli MG1655

Gene Mutation (amino acid change) Protein or relevant feature

uppSse T to C (W31R) Undecaprenyl diphosphate synthase

ispHe T to G (S5269A) 1-Hydroxy-2-methyl-2-(E)-butenyl-4-
diphosphate reductase

rpoS C to T (Q33Amber) Sigma S factor

acnA A to G (5522G) Aconitase

intQ T to C (F261L) Integrase

ygeN C to A (V195F) Pseudogene

IGR? Tto G Between leuX and intB’

idie IS7¢ Isopentenyl diphosphate isomerase

ydcJ 1S2¢ Unknown function

aGenes involved in the methylerithritol phosphate (MEP) pathway for Und-P synthesis.
PIGR, intergenic region.
‘Insertion elements.
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CS109 had a T-to-C missense mutation in uppS (uppS317), the gene encoding
undecaprenyl pyrophosphate synthase, thus producing a tryptophan-to-arginine sub-
stitution at amino acid 31 (Table 1). To determine if this mutation affected cell shape,
we overexpressed cloned versions of uppS371 or wild-type uppS™ in CS109. In cells
grown at 42°C, overexpressing uppS™* rescued cell shape completely (Fig. 3A) and
decreased cell size relative to that observed for CS109 grown at 30°C (compare Fig. 3B
to 2B, 2,550 arbitrary units [AU] and 2,610 AU, respectively). Overexpressing uppS31
partially restored cell shape (Fig. 3A) and reduced cell size substantially compared to
the empty vector (Fig. 3B). Thus, UppSW3'R was less effective at complementing the
shape defect of CS109. We further clarified the importance of uppS by moving the
wild-type gene onto the chromosome of CS109, replacing the uppS37 allele with
wild-type uppS from MG1655 (Fig. 4C and D). At 42°C, CS109 uppS31 cells were highly
misshapen (Fig. 4C) and enlarged (Fig. 4D), but CS109 uppS™ cells exhibited normal
morphology (Fig. 4C) and cell size (Fig. 4D). At this higher temperature, CS109 uppS31
cells were ~30% longer and ~44% wider than were CS109 uppS™ cells (Table 2),
indicating that UppSW3'R was responsible for the morphological effects. To confirm this,
we moved the uppS31 allele onto the chromosome of MG1655, replacing the wild-type
gene. Surprisingly, MG1655 uppS31 could not grow in liquid LB medium, even at 30°C
(Fig. 4A). In short, the wild-type version UppS reversed the morphological effects in
CS109, while UppSW3'R was sufficient to impart a dramatic temperature-dependent
effect in MG1655. These results indicate that the state of uppS is a primary determinant
of cell growth and morphology.

Because CS109 grew normally at 30°C, it was surprising that uppS37 would be so
deleterious to the growth of MG1655 at this same temperature. However, two other
mutations in CS109 affect the isoprenoid pathway upstream of UppS, ispH269, a
missense mutant, and an IS7 insertion sequence 20 bp upstream of the start codon of
idi, which could alter the expression of this gene product (Table 1). Reasoning that
these additional mutations might suppress the effects of uppS317, we examined the
growth and shape of strains containing different combinations of uppS and ispH alleles.
When the wild-type uppS™ gene was present, both CS109 and MG1655 cells exhibited
normal rod shapes at 42°C, regardless of whether the wild-type ispH* or ispH269 allele
was present (Fig. 4C to F, and not shown). This confirmed that the state of UppS played
the dominant phenotypic role and that the IspHS26°A variant did not by itself alter
cellular morphology. As for cells containing uppS37 and incubated at 42°C, CS109
uppS31 cells containing the wild-type ispH* gene were aberrantly shaped, as were
CS109 uppS31 ispH269 cells (the parental genotype) (Fig. 4C). Flow cytometry indicated
that uppS31 ispH™ cells (Fig. 4D, 7,160 AU) were about 40% larger than were uppS31
ispH269 cells (Fig. 4D, 5,120 AU), indicating that IspHS26°A partially suppressed the
morphological defects associated with UppSW3'R. MG1655 uppS31 ispH™ cells failed to
grow at 42°C, but combining the ispH269 allele with uppS37 rescued cell growth at this
temperature (Fig. 4E). However, MG1655 uppS31 ispH269 cells exhibited gross morpho-
logical defects (Fig. 4E), as confirmed by the greatly increased light scatter of cells
examined by flow cytometry (Fig. 4F). Thus, in MG1655, the ispH269 mutation sup-
pressed the lethality of uppS317, though cell shape did not return to normal at 42°C.

The second potential suppressor mutation was an IS7 element 20 bp upstream of
the start codon of idi. Moving idi with no upstream IS into CS109 had no effect on the
morphology of cells grown at 42°C (Table 3, strain WJM34, and data not shown). In
addition, deleting idi from CS109 produced cells that were morphologically indistin-
guishable from cells harboring the IS7T element upstream of an intact idi gene (Table 3,
strain WIM8 and not shown). Deleting idi or introducing the IST element also had no
effect on the shape of MG1655 (Table 3, strains SKMG126 and SKMG124, and data not
shown). However, deleting idi or introducing the IS7-idi construct did restore growth to
MG1655 uppS31 cells at 30°C but not 42°C (Table 3, strains WJM11 and WJM32). Thus,
although Idi does not affect cell shape by itself, removing idi partially suppresses the
effects of uppS37 by an as-yet-unknown mechanism. To our knowledge, this is the first
phenotype associated with the mutation or removal of Idi.
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vector

FIG 3 Overexpressing uppS restores cell shape to E. coli CS109 at 42°C. (A) CS109 harboring plasmids
carrying the indicated genes were grown at 42°C in LB plus 25 uM isopropyl-thio-p-p-galactopyranoside
(IPTG) to an ODg,, of 0.5 to 0.6 and photographed by phase-contrast microscopy. The scale bar
represents 3 um. (B) Histograms of the forward-scatter (FSC) area of 100,000 live cells shown in panel A.
The mean of the forward-scatter area is reported in arbitrary units (AU) to the right of each curve, and
the vertical dashed line represents the mean forward scatter of CS109 alone. puppS*, pMAJ9; puppS31,
pUppS; vector, pDSW204.
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FIG 4 Correcting the uppS31 missense mutation restores cell shape at 42°C. (A, C, and E) Phase-contrast
micrographs of MG1655 (A and E) or CS109 (C) cells carrying wild-type genes (uppS* and ispH*) or
mutations (uppS31 and ispH269), as noted. MG1655 cells containing uppS31 combined with wild-type
ispH did not grow when subcultured in liquid medium (Lethal). Cells were grown in LB at 30°C or 42°C,
as noted, to an OD,,, of 0.5 to 0.6 and were photographed by phase-contrast microscopy. The scale bar
represents 3 um. (B, D, and F) Histograms of the forward scatter of 100,000 live cells as shown in panels
A, C, and E. The mean of the forward scatter is reported in arbitrary units to the right of each curve, and
the vertical dashed line represents the mean forward scatter of the uppS* ispH* mutant strain for each
group. (C and D) Strains CS109 (uppS31 ispH269) (green curve), SKCS156 (uppS+ ispH269) (blue curve),
SKCS183 (uppS31 ispH*) (orange curve), and SKCS195 (uppS+ ispH*) (red curve) all with 1S-idi. (A, B, E, and
F) Strains MG1655 (uppS* ispH™*) (red curve), SKCS173 (uppS31 ispH*) (orange curve), SKMG143 (uppS*
ispH269) (blue curve), and SKMG197 (uppS31 ispH269) (green curve) all with no IS upstream of idi. S, UppS;
H, IspH; +, wild type; 31, UppSW3'R; 269, IspHS269A,
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TABLE 2 Size of E. coli cells containing uppS* or uppS31

Cell size (mean = SD) (um)

Strain Temp (°C) No. of cells Length Width
MG1655 uppS™ 30 197 3.37+09 1.29 £ 0.1
42 243 2.81£0.7 142 = 0.1
CS109 uppS* 30 166 3.67 +0.8 1.36 = 0.1
42 311 283+ 0.6 1.30 £ 0.1
CS109 uppS31 30 209 349+ 0.9 1.33 £ 0.1
42 239 3.69 + 1.2 1.88 £0.2

Finally, to determine how much the ispH and idi alleles each contributed to the
suppression of uppS31, we compared how well MG1655 uppS31 strains with different
allele combinations grew at temperatures ranging from 30°C to 46°C (Fig. 5). As noted
above, MG1655 uppS31 does not grow at temperatures of 30°C or higher, meaning that
growth in this strain will measure the relative abilities of ispH and idi to suppress the
lethality of uppS37. In a MG1655 uppS31 idi* background, adding ispH269 restored
robust growth at 30, 37, and 42°C (Fig. 5A). At 44°C, the cells grew well but plateaued
at a lower optical density at stationary phase (Fig. 5A). At 45°C and 46°C, the cells grew
for 1.0 to 1.5 h, but then the two cultures lysed at approximately the same time (Fig.
5A). Thus, ispH269 suppresses uppS31, but the effect disappears at a sharp temperature
cutoff. In contrast, in a uppS31 ispH*+ background, adding the 1S-idi construct allowed
the cells to grow at a moderate rate at 30 and 37°C, but the cells did not grow at all at
42°C and above (Fig. 5B). Cells from which idi was deleted behaved the same way as did
those carrying IS-idi (not shown), suggesting that in each case suppression was caused
by a lack of Idi. Combining both suppressors in MG1655 uppS31 ispH269 1S-idi produced

TABLE 3 Growth and morphology of mutant combinations

i a be Co
Wild type or mutant strain WT or mutation Growth at®: Shape at<:

UppS  IspH  Idi  30°C  42°C  30°C  42°C

MG1655 background

MG1655 WT WT WT + + + +
SKMG173 31 WT WT - ND - ND
SKMG198 31 269 WT + + + —
WIM11 31 WT A + - - -
WJIM32 31 WT IS + - - -
SKMG143 WT 269 WT + + + +
WJM25 WT 269 A + + + +
WJIM30 WT 269 IS + + + +
SKMG124 WT WT A + + + +
SKMG126 WT WT IS + + + +
WJIM12 31 269 A + + + -
WJIM33 31 269 IS + + + -
CS109 background
WJM27 WT WT WT + + + +
WIM31 31 WT WT + + + -
WIM34 31 269 WT + + + -
WIM26 31 WT A + + + -
SKCS183 31 WT IS + + + -
WIM16 WT 269 WT + + + +
WIM17 WT 269 A + + + +
SKCS156 WT 269 IS + + + +
WJIM29 WT WT A + + + +
SKCS195 WT WT IS + + + +
WJIM8 31 269 A + + + —
CS109 31 269 IS + + + -

aWT, wild type; 31, UppSW31R; 269, IspH352694; [S, IS-idi; A, Aidi.
b+, cells grew; —, cells did not grow; ND, not determined.
<+, wild-type cell shape; —, aberrant cell shape.
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FIG 5 IspH52°A and IS-Idi suppress UppSW3'R at different temperatures. Cells were grown in LB at 30°C,
37°C, 42°C, 44°C, 45°C, and 46°C. Growth curves were performed in duplicate, and the data shown are
from independent experiments. (A) SKMG198 (UppSW3'R IspHS2694), (B) WIM32 (UppSW3'R IS-Idi). (C)
WIM33 (UppSW3TR [spHS269A |S-Idi). W31R, UppSW31R; S269A, IspHS269A,

a strain that could grow at temperatures up to 46°C, though at 45°C and 46°C the
cultures reached stationary phase at a lower optical density (Fig. 5C). (Note that our
MG1655 strain did not grow above 46°C, meaning that the two suppressors restored
growth to this strain’s upper limit.) In short, IspH>2%°A by itself suppressed uppS31 more
efficiently than did the lack of Idi, but combining the two conditions enabled cells to
grow at high temperatures.

Increasing intracellular levels of IPP restores cell shape. Because increasing the
production of Und-P restored shape to cells harboring the uppS37 allele (Fig. 3), we
tested if increasing the substrates supplied to UppSW3'R would also restore cell shape.
UppS condenses FPP and IPP to form Und-PP. To increase the levels of FPP and IPP, we
introduced the mevalonate (MEV)-dependent isoprenoid pathway from Saccharomyces
cerevisiae (34) into E. coli MG1655 uppS31 ispH269. Adding mevalonate to cells express-
ing the MEV pathway induces production of IPP, and doing so reversed the shape
defects of cells carrying uppS31 ispH269 at 42°C (Fig. 6A and B) while having no effect
on the growth rate of these cells (see Fig. S1 in the supplemental material). The cells
were ~23% shorter and ~25% thinner than cells without mevalonate (Table 4). These
results suggest that increasing the amount of substrate supplied to UppSW3'R increases
the level of Und-P, promoting PG synthesis.

The Rcs stress response is induced in cells with uppS31. Small changes to PG
structure activate the Rcs stress response pathway (46-48). Therefore, if uppS31 affects
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FIG 6 Increased levels of IPP restore cell shape to MG1655 uppS31 ispH269 (SKMG198) (A) Cells were
grown at 42°C in LB to an ODg,, of 0.4 to 0.5 with (+) or without (—) 2.5 mM mevalonate and
photographed by phase-contrast microscopy. The scale bar represents 3 um. (B) Histograms of the
forward-scatter area of 100,000 live cells, as shown in panel A. The mean of the forward-scatter area is
reported in arbitrary units to the right of each curve, and the vertical dashed line represents the mean
forward scatter of the parent. Vector, pBBRTMC-3; pMEVB, pMEVB.

PG synthesis by decreasing Und-P availability, the presence of uppS31 may also trigger
the Rcs response. We monitored Rcs induction by placing sfgfp expression under the
control of the Res-specific rprA promoter. When cells were incubated at 42°C, the Rcs
response was induced ~3X more in CS109 uppS317 than in CS109 uppS™* (Fig. 7A and
B). Surprisingly, even at 30°C, the Rcs response was induced in CS109 uppS31 (Fig. 7B).
Thus, uppS31 induces the Rcs response in CS109, suggesting that the mutated enzyme
is less efficient even at the permissive temperature.

The W31R replacement severely decreases UppS activity in vitro. To assess the
effect of the uppS37 mutation on the production of Und-PP, we monitored the
activity of purified UppS* and UppSW3'R by using a fluorescent analogue of FPP,

TABLE 4 Size of E. coli MG1655 uppS31 ispH269 with or without excess IPP

Cell size (mean = SD) (um)

Plasmid Mevalonate (2.5 mM) No. of cells at 42°C Length Width

Vector - 218 415 % 1.22 1.89 =£0.25
+ 204 423 +1.27 2.01 £0.29

pMevB? - 195 4.09 +1.13 1.86 = 0.28
+ 258 3.15*£0.89 141 £0.19

aPlasmid pMEVB was transformed into MG1655 uppS31 ispH269 to express the enzymes that synthesize IPP
from mevalonate.
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FIG 7 The Rcs stress response is induced when uppS31 is present. (A) Induction of the Rcs response was
monitored by measuring sfGFP from the rprA reporter plasmid pDKR1. Cells were grown at 42°C in LB to
an ODg,, of 0.3 to 0.5 and photographed by phase-contrast and fluorescence microscopy. The scale bar
represents 3 um. (B) Cells were grown at 30°C or 42°C in LB. Mean fluorescence intensity is reported in
arbitrary units. Strains were CS109 uppS* (SKCS156/pDKR1) and CS109 uppS31 (CS109/pDKR1).

2-nitrileanilinogeranyl diphosphate (2CNA-GPP) (Fig. 8A) (49). The fluorescence of
this compound increases when UppS catalyzes chain elongation (49). UppS* and
UppSW3TR activities were tested under steady-state conditions at temperatures
ranging from 25°C to 60°C. Compared to the activity of UppS™, the rate of increase
in fluorescence with UppSW3'R was severely decreased at all temperatures (Fig. 8B).
To ensure that the difference in activity was consistent with the amount of product
formed, steady-state reactions with mixtures containing 10 uM 2CNA-GPP and 100
nM enzyme were performed for 1 h at 23°C and 42°C and then quenched by adding
1-propanol. Product formation was analyzed by reverse-phase high-performance
liquid chromatography (HPLC) (Fig. 8C, 100 nM graphs). UppS™ incorporated 8 to 10
isoprene units into the fluorescent product at 23°C, and at 42°C, most of the
product had incorporated 10 isoprene units. However, UppSW3'R produced prod-
ucts which had incorporated only 7 or 8 isoprenes, and very little substrate was
consumed. Because UppSW3'R synthesized much less product than did UppS™, we
suspected that UppSW3'R had a lower enzyme activity. If so, longer products should
accumulate if the reaction time or enzyme concentration was increased. Non-
steady-state reactions were prepared with increased concentrations of UppS (1.25
M UppSW3TR and 3.13 uM UppS™), and the products were analyzed by HPLC (Fig.
8C, >1 uM UppS). The same smaller products were formed by UppSW3'R under
these conditions, and the substrate was consumed nearly completely. UppS™ at
both 23°C and 42°C gave products identical to those of the 42°C reaction when 100
nM UppS™ was used. Interestingly, UppSW3'R activity was not drastically affected by
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FIG 8 UppSW3'R is less active than UppS at all temperatures. (A) Schematic of fluorescent analogue of FPP. The top schematic is our
UppS system in vitro, and the bottom schematic is what occurs naturally in vivo. In the top of the left box is an FPP analog with 2CNA
in place of one isoprene unit. The middle shows the reaction of UppS adding 8 additional IPPs to FPP or 2CNA-GPP. The right shows
products from the reactions. (B) Reaction mixtures were prepared in a 96-well plate format with 10 uM 2CNA-GPP, 250 uM IPP, and
100 nM UppS cloned from UppS+ or UppSW3'R. Fluorescence increase over time was monitored at the given temperatures, and the
rate of fluorescence increase was plotted. Points represent the average from two different preparations of protein repeated for a
minimum of three times, and error bars represent one standard of deviation from the average. Note that the y axis is broken to allow
visualization of the much slower reaction with UppSW3'R. (C) UppS* or UppSW3'R in a final volume of 200 wl with 10 uM 2CNA-GPP
and 250 uM IPP was incubated at either 23°C or 42°C for 1 h, and the reactions were quenched by adding 50 ul of n-propanol. The
reaction products were analyzed by HPLC. UppS+ and UppSW3'R were used at either 100 nM or greater than 1 uM. Isoprene standards
were prepared by using Bacteroides fragilis UppS in the presence of octyl-thio-glucoside, n-dodecyl-B-p-maltoside, and Tween 20.
Standards shown are from three separate separations with each detergent, and peak intensity is normalized for the largest product
peak in each mixture. The numbers of isoprene units in each peak were previously confirmed by electrospray ionization-mass
spectrometry (ESI-MS). FLU, fluorescent light units.

temperature (Fig. 8C). Overall, compared to UppS*, UppSW3'R produced shorter
polyisoprenoid products and did so at a significantly reduced rate.

The W31R replacement alters UppS folding. Because UppSW3'R function was
severely degraded, we inspected UppSW3'R secondary structure. UppS* and UppSW31R
were analyzed by circular dichroism (CD) spectroscopy, and the CD signal clearly
differed between the two (Fig. 9), though the relative levels of a-helix to B-sheet were
similar (82% a-helix, 1% B-sheet). The data are consistent with a decrease in overall
organized secondary structure in UppSW3'R compared to the known X-ray crystal
structure of E. coli UppS (PDB 1X07). This structural change occurred even at low
temperature, further suggesting that the mutated enzyme was intrinsically less efficient
instead of becoming unfolded at higher temperatures.

DISCUSSION

The E. coli K-12 strain CS109 behaves quite differently from the well-known labora-
tory strain MG1655 in several ways. For example, unlike MG1655, selected CS109
mutants are highly misshapen, do not spiral under certain conditions, and induce the
Rcs stress response (50). Also, the cells are highly sensitive to the loss of penicillin-
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FIG 9 UppSW3'R structure is altered relative to UppS+. Circular dichroism spectra were measured at 25°C
on 50 uM samples of UppS* and UppSW3'R, Both spectra revealed a largely a-helical content of their
proteins, but the total organized structure was decreased in UppSW3'R. MRE, mean residue ellipticity.

binding protein 1b (PBP1b) (M. Jorgenson, W. MacCain, S. Kannan, B. Meberg, and K.
Young, unpublished data), and spheroplasts made from these cells cannot recover their
wild-type shapes (D. Ranjit and K. Young, unpublished data). Here, we find that the
uppS gene of CS109 is mutated so that it expresses a tryptophan-to-arginine missense
protein (UppSW3R), and this enzymatically deficient variant supplies too little Und-P to
maintain growth or morphology under several conditions. However, these defects are
substantially suppressed by compensatory mutations that alter enzymes upstream of
UppS in the isoprenoid biosynthesis pathway, indicating the existence of a strong
selective pressure for maintaining isoprenoid homeostasis. The results highlight a
diverse web of phenotypic traits affected by low Und-P levels, and the defective
UppSW3TR is a promising new tool for characterizing the in vivo activities of enzymes
that rely on Und-P-linked substrates.

UppSW31R cannot supply sufficient Und-P to support growth at higher temper-
atures. UppSW3'R is enzymatically deficient at all temperatures in vitro, and the enzyme
is evidently so defective in vivo that it cannot support normal bacterial development
even when cells are growing slowly at 30°C. Thus, the temperature-sensitive phenotype
is not caused by the denaturation of UppSW3'R at higher temperatures; instead, it
seems the enzyme simply cannot meet the increased demand for Und-P(P) in cells
forced to grow at accelerated rates. A clue for why this occurs is that the tryptophan
at position 31 is located in a conserved region that binds FPP, one of two essential
substrates for synthesizing Und-PP (51). A known variant at this site, W31F, increases
the K,,, of UppS for FPP but does not change the k_,, or K,,, values for IPP, the second
essential substrate (52). Thus, UppSW3'F requires a higher concentration of FPP to
produce Und-PP at the same rate as the wild-type enzyme. Other substitutions at this
site may have similar effects. Consistent with this viewpoint is that supplying more FPP
to UppSW31F increases the synthesis of Und-PP in vitro (52). If this same behavior occurs
in vivo, supplying more FPP to UppSW3'R should allow the mutant to produce more
Und-PP, thus reversing the phenotypic defects of E. coli CS109. We obtained this
predicted result by artificially increasing these in vivo substrates, leading us to conclude
that UppSW3'R synthesizes Und-P(P) at a reduced level in vivo, thereby slowing PG
synthesis and producing growth and shape defects.

Evolution of uppS31 and its suppressors. If UppSW3'R is enzymatically defective
and highly deleterious, how and why did this variant arise? Although E. coli accumu-
lates mutations during laboratory growth and storage (53-55), we have been unable to
concoct an obvious explanation for why cells containing uppS37 would appear and
survive long enough to accumulate the suppressors present in E. coli CS109. It is
possible that the ispH or idi mutations appeared first and increased the production of
isoprenoid intermediates, so that uppS37 arose and reduced the amount of Und-P to
nondeleterious levels. However, at the moment, the order of appearance can only be
a matter of speculation. Nevertheless, and regardless of its origin, the uppS317 allele by
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itself strongly selects for compensatory mutations, and it is reasonable to surmise that
the ispH269 mutation and the IST insertion upstream of idi arose to suppress the
unfavorable effects of UppSW3'R. Although either ispH269 or IS1-idi partially reverses
the effects of uppS31, the presence of both alleles is better, consistent with the idea that
these secondary mutations increase the amount of Und-P being produced, though not
to wild-type levels.

How might IspHS269A reverse the effects of UppSW3'R? IspH synthesizes DMAPP and
IPP from HMBPP. These products are then combined to make FPP, which is extended
by UppS to create Und-PP. IspH residue S269 is located in the cleft where HMBPP binds
(56), but no known mutations alter this residue, so it is not clear how substitutions at
this site affect the enzymatic activity of IspH. However, if IspHS25°A were to make less
DMAPP and IPP, the growth and morphological phenotypes observed in cells contain-
ing UppSW3'R should become worse instead of returning to normal. Also, if IspHS269A
were a less active enzyme, the decrease in DMAPP and IPP levels would stress other
pathways that rely on these substrates, thus making an already poor situation worse.
Therefore, it seems most likely that IspH>26°A synthesizes more DMAPP and IPP and
funnels these substrates into the Und-P synthesis pathway.

As noted above, UppSW3'F has a higher K,,, for FPP (52), and by analogy and from
evidence presented here, we predict that UppSW3'R shares this characteristic. In fact,
the semilethal effects of UppSW3'R were overcome by increasing the supply of FPP. If
IspH>269A makes more substrate that is converted into FPP, this would allow UppSW31R
to synthesize more Und-PP. As noted above, increasing the concentrations of IPP and
DMAPP allowed cells containing UppS"W3'R to survive with virtually normal morphology,
consistent with the prediction that IspH>25°A reverses the effect of UppSW3'R by making
more of these precursors. In short, the weight of evidence favors the idea that IspH>269A
increases the amounts of IPP and DMAPP, thus increasing the supply of FPP, which in
turn allows UppSW3'R to produce sufficient Und-P to reverse phenotypes triggered by
a reduced pool of this lipid carrier.

How might interrupting the expression of idi reverse the effects of UppSW3'R? In E.
coli, IspH synthesizes DMAPP and IPP in a ratio of 1:5 or 1:6, after which Idi adjusts this
ratio to 7:3 (57). Idi is not essential in organisms that utilize the MEP pathway because
DMAPP and IPP are both present (58), but the enzyme is essential in organisms that use
only the mevalonate pathway, because this route synthesizes IPP without producing
DMAPP (1). The fact that Idi continues to be produced in organisms where it is not
essential suggests that there are (unknown) circumstances in which the DMAPP-to-IPP
ratio needs to be adjusted. In any event, removing Idi partially suppresses the physi-
ological defects in E. coli cells containing UppSW3'R, representing the first phenotype to
be associated with the loss of idi.

In the absence of Idi, the DMAPP-to-IPP ratio decreases from 7:3 to become 1:5 or 1:6
(57). This is counterintuitive in the context of suppressing the effects of UppSW3'R, since
DMAPP is the initial substrate onto which two IPP molecules are added to create FPP (37).
It would seem that more DMAPP, not less, would increase the production of FPP, thus
counteracting the high K, that UppSW3'R likely has for this substrate. However, UppS
creates Und-PP by adding 8 additional molecules of IPP to FPP, meaning that UppS uses
significantly more IPP than DMAPP. However, UppS competes with the IspB enzyme of the
quinone pathway for access to a common pool of IPP and FPP (59, 60). Thus, the absence
of Idi may increase the pool of IPP to such a degree that UppSW3'R can compete more
effectively for this substrate. If so, the two suppressors would affect UppSW3'R in different
ways, helping to explain why both mutations arose in E. coli CS109.

UppSW31R activity resembles that of an historical UppS variant. In 1999, when
Kato et al. first identified the uppS gene (then called rth), they also isolated the first
temperature-sensitive (ts) variant of Upp$S (then called UDS) (41). At the nonpermissive
temperature, cells containing this variant enlarged and then lysed (41), consistent with
our present understanding that a shortage of Und-P inhibits PG synthesis. Unfortu-
nately, the DNA sequence of this temperature-sensitive gene was not determined, and
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the mutant itself seems to have been lost and is no longer available for study. However,
Kato et al. did measure the levels of ubiquinone and polyprenyl compounds present in
their strains. At the nonpermissive temperature (42°C), the mutant produced much
smaller amounts of Und-P than did wild-type cells (41). Importantly, the ts mutant
made less Und-P even when cells were grown at the permissive temperature (30°C),
and there was a corresponding increase in the amounts of ubiquinone and related
compounds (41). Looking back, this equilibration can be explained because we now
know that the Und-P and quinone biosynthesis pathways both compete for FPP and IPP
(59). Thus, when a defective Und-P pathway uses less FPP, more FPP can be diverted to
the quinone pathway. The fact that the UppSt* mutant of Kato et al. produced less
Und-P even when grown at 30°C strongly implies that this enzyme was less active at all
temperatures, suggesting that the Kato UppSt® variant, like UppSW3'R, could not supply
enough Und-P to meet the increased demand for PG at the higher temperature.

UppSW3'R as a tool for probing the in vivo activity of Und-P-dependent en-
zymes. Because cells containing UppSW3'R produce less Und-P, these may be used as
“indicator strains” to investigate the biochemical and regulatory interactions among
pathways that compete for Und-P-linked substrates and other isoprenoids. Und-P is an
essential lipid carrier in numerous pathways that transfer carbohydrates and glycans
across the cytoplasmic membrane (5), and circumstances that decrease the amount of
Und-P cause bacteria to grow slowly, exhibit aberrant morphologies, and lyse (42, 43).
Therefore, by using cells carrying UppSW3'R and containing a limited amount of Und-P,
in vivo competition among different Und-P-dependent pathways can be investigated
by using overt cell wall-related phenotypes as a physiological readout.

Summary. For 30 years, scientists have probed the structure, activity, and kinetics of
undecaprenyl pyrophosphate synthase, as exemplified by the UppS enzyme of E. coli
(27, 41, 61). However, less effort has been invested in understanding how bacterial
physiology responds to alterations in UppS and its substrates or products, or about how
interactions among these compounds and pathways affect bacterial growth or behav-
ior. Here, we describe experiments conducted in a noncanonical strain of E. coli that
further illuminate our understanding of the importance of the isoprenoid Und-P, as well
as create a new tool for studying Und-P-related reactions in vivo.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. The bacterial strains, plasmids, and primers used are listed
in Tables S1 to S3 in the supplemental material. Bacteria were grown in LB broth (0.5% yeast extract, 1%
tryptone, 1% NaCl). Where required, ampicillin (100 ng - ml=") or kanamycin (50 ug - ml~') was added
to select for plasmid maintenance. Cells were grown in baffled flasks or in a Bioscreen C (Automated
Microbiology Growth analysis systems). When appropriate, the levels of intracellular IPP were manipu-
lated by adding 2.5 mM bL-mevalonate to the growth medium (62). The Rcs system reporter plasmid
pDKR1 (63) expresses superfolder green fluorescent protein (sfGFP) under the control of the Rcs-specific
promoter P, , (64, 65).

Strain construction. To move the wild-type or mutant versions of uppS and ispH to and from
MG1655 or CS109, we used A-Red recombination to insert a kanamycin resistance cassette in either btuF
or thrC, respectively (66). Following confirmation of kanamycin insertion by diagnostic PCR, the region
corresponding to uppS or ispH was moved by phage P1 cotransduction, followed by PCR confirmation.
The IST element upstream of idi was removed from CS109 by inserting a kanamycin resistance cassette
upstream of the uacT gene in MG1655, using A-Red recombination (66). This gene and the wild-type
version of idi were cotransduced into CS109. All genetic manipulations were verified by PCR.

Plasmid construction. Plasmids for rescuing CS109 shape defects at 42°C were derivatives of
pDSW204 and were constructed as follows. pUppSW3'R (P,,:uppS31) was constructed by amplifying
uppS from CS109 with primers P21 and P22. The PCR product was cut with EcoRI and Hindlll and ligated
into the same sites of pPDSW204 (67). Plasmids for UppS purification were derivatives of pET24b. pWJM3
(P1,::uppS) and pWIM4 (P,::uppS31) were constructed by amplifying uppS from either MG1655 or CS109
with primers uppS5'pET24b and uppS3'RCpET24b. The 774-bp PCR product was cut with Ndel and Xhol
and ligated into the same sites of pET24b. All constructs were verified by DNA sequencing at the
University of Arkansas for Medical Sciences (UAMS) DNA Sequencing Core Facility.

Genomic sequencing and identification of transposition events. The Qiagen genomic DNA buffer
set (catalog no. 19060) and Genomic-tip 500/G columns (catalog no. 10262) were used to isolate genomic
DNA for whole-genome sequencing. The manufacturer’s protocol was followed, with modifications.
Libraries were generated with 100 ng of the genomic DNA (gDNA), and the DNA samples were processed
using lllumina’s Nextera XT library prep kit. Briefly, samples were enzymatically fragmented, and lllumina
adapters were simultaneously attached. Nextera indices were then incorporated by limited PCR. The
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resulting libraries were purified using AMPure XP magnetic beads (Beckman Coulter), as described in the
Nextera XT protocol. Quantification was performed using a Life Technologies Qubit BR assay, and
fragment sizing was performed using an Agilent TapeStation 2200 D1000 tape. Libraries were adjusted
to 2 uM and sequenced on an lllumina MiSeq platform, using 2 X 250 V2 chemistry. Sequencing
readouts were mapped to the reference genome of E. coli MG1655 (RefSeq accession number
NC_000913), by using Bowtie2 (68), with the local alignment option. Bam files were converted to Sam
files using SAMtools (69). To identify flanking genomic regions, the first and last 50 to 75 bases of each
insertion element were identified and extracted, using regular expressions with Galaxy's Select tool.
These tools are part of the next-generation sequencing (NGS) collection at https://usegalaxy.org/.

Flow cytometry. Live cells were prepared for flow cytometry and analyzed as described previously
(42). Overnight cultures were grown in LB medium at 30°C and were diluted into the same medium at
a starting optical density at 600 nm (OD,) of 0.003. These cells were grown to an ODy,, of ~0.3 to 0.6,
at which point cells from 1 ml of this culture were pelleted by centrifugation and resuspended in 1 ml
of filtered phosphate-buffered saline (PBS; 137 mM NaCl, 3 mM KCl, 9 mM NaH,PO,, and 2 mM KH,PO,
[pH 7.4]). Cells were washed twice in PBS, after which cells were diluted 1:10 in PBS to an ODg, of ~0.05,
and 100,000 cells were analyzed by flow cytometry. Cell size was measured by using the forward-scatter
detector mode of a BD LSRFortessa flow cytometer, housed in the UAMS Flow Cytometry Core Facility.
Flow data were analyzed with FlowJo version 10.1 software.

Microscopy. Overnight cultures were grown in LB medium at 30°C and were diluted into the same
medium at a starting ODg, of 0.003. These cells were grown to an ODg,, of ~0.3 to 0.6, and 5 ul of culture
was spotted onto a 1% agarose-covered slide. The morphology of each strain was visualized by phase-
contrast microscopy by using an Olympus BX60 microscope fitted with a 100X oil objective (1.3 numerical
aperture [NA] PH3). The fluorescence signal of sfGFP was detected with an enhanced GFP filter set (495 nm
excitation and 519 nm emission wavelengths). Cell lengths were measured with cellSens Dimensions
software, version 1.6 (Olympus). Images were processed by using ImageJ or Adobe Photoshop software to
adjust brightness and contrast (70). Images were cropped and assembled in Adobe lllustrator.

UppS activity assays using 2CNA-GPP. uppS genes were expressed, protein was isolated by
nickel-nitrilotriacetic acid (Ni-NTA) affinity chromatography, and clones containing the W31R mutation
were transformed into E. coli C41 and expressed as previously described (71, 72). 2CNA-GPP was prepared
as previously described (49). Reaction mixtures contained 25 mM Bicine (pH 8.5), 0.5 mM MgCl,, 5 mM
KCl, 0.14% Tween 20, 10 M 2CNA-GPP, and 100 nM UppS. The reactions were carried out in a 96-well
plate format and were initiated by adding 10 ul of IPP to give a final concentration of 250 uM in a final
reaction volume of 200 ul. The reaction rates were recorded every 10 to 20 s over 10 to 20 min by
monitoring fluorescence excitation at 340 nm and emission at 390 nm by using a Molecular Devices M5
plate reader. For each protein, the assay was performed at least three times, and 2 to 3 different protein
preparations were assayed in each experiment. Protein concentrations were determined by measuring
the UV absorbance at 280 nm, using the following extinction coefficients: 39,500 cm~"- M~ (UppS™*) and
33,810 cm~" - M~ (UppSW3TR). The initial reaction rates based on the increase in fluorescence per unit
time were determined for each reaction.

HPLC analysis of UppS reaction products. Reaction mixtures were prepared as described in the
UppS activity assay described above but with 500 uM IPP, and they were incubated at 23 or 42°C. After
1 h, the reactions were quenched by adding 50 ul of 1-propanol. Identical reaction mixtures were
prepared with 1.25 uM UppSW3'R or 3.13 uM UppS+, and quenched after 1 h. The reaction products were
analyzed by reverse-phase HPLC (RP-HPLC) using fluorescence detection (excitation 340 nm, emission
390 nm), and a C,4 4.6 by 150-mm 5-um column (Agilent). For separation, a gradient was applied as
previously described (49), beginning with 15% 1-propanol plus 85% 100 mM ammonium bicarbonate
that was raised to 95% over 37 min.

Preparation of the isoprene ladder. The isoprene ladder was prepared from three different
reactions with mixtures containing different surfactants, all other components being identical to the
reaction as described above. Isoprene additions 1 to 6 were collected from Bacteroides fragilis UppS
reactions with mixtures containing 10% octylthioglucoside rather than Tween 20. Isoprene additions 7
and 8 were from B. fragilis UppS reactions with mixtures containing 1% n-dodecyl-B-p-maltoside.
Isoprene additions 9 and 10 were from B. fragilis UppS reactions with mixtures containing 0.14% Tween
20. B. fragilis UppS was used because its activity is readily controlled by varying the surfactant (49).

CD spectroscopy. UppS+ and UppSW3'R proteins were prepared at a concentration of 50 uM in 50 mM
Tris-HCl (pH 8.0) and 200 mM NaCl. CD spectra were collected from 200 to 260 nm at 25°C on a Jasco 1500
CD spectrometer. Under these buffer conditions (lacking surfactant), both the UppS and UppSW3'R proteins
began precipitating at temperatures of 45°C and above. Data (ellipticity in millidegrees) were transformed to
molar residue ellipticity (degrees - cm? - dmol~"), based on 260 amino acids in the final protein and a 50 uM
concentration. Analysis of a-helical and B-sheet contents was performed on K2D2 (73).
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