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SuhB Protein: Comparison with Bacterial and Archaeal Inositol Monophosphatases

Liangjing Chen and Mary F. Roberts*
Merkert Chemistry Center, Boston College, Chestnut Hill, Massachusetts 02467
Receied October 19, 1999

ABSTRACT. TheE. coli suhBgene product, which has been suggested to participate in posttranscriptional
control of gene expression, also possesses inositol-1-phosphatase (I-1-Pase) activity. To test if SuhB I-1-
Pase activity is sufficient for its function in cells, we have cloned the genes for three other I-1-Pases
(from the archaedvlethanococcus jannaschand Archaeoglobus fulgidysand from the bacterium
Thermotoga maritimpinto the E. coli expression vector pET23&af and examined if these extragenic
I-1-Pases could complement tesehBmutation inE. coli strain CG1307 (which also has a mutation in
dnaBand a cold-sensitive phenotype). None of these I-1-Pase genes restored growfiCalB®ugh

they generated active I-1-Pase enzymes (as measured by I-1-Pase specific activities of crude protein extracts
from the transformed CG1307 cells). In contrast, the pET23a€écombinant plasmid with the wild-type

E. coli suhBgene complemented the cold sensitivity of the chromosomal matdrBand restored the
temperature-sensitive growth of tdeaBmutation in the double mutant strain CG1307. Further evidence
that this relief of the suppressor behavior of fwhBmutation is not related to the I-1-Pase activity of

the SuhB protein was provided by construction of Ehecoli SuhB mutant D87N. This mutant protein is
inactive as an I-1-Pase but fully functional in changing the temperature sensitivity &f @i double

mutant strain. Therefore, I-1-P phosphatase activity is neither sufficient nor required for complementation
of suhBmutant suppressor effects. The wild-tyfe coli SUhB protein was also overexpressed to very
high levels and purified to homogeneity in high yield (1 mg/10 mL of culture). The major differences of
theE. colil-1-Pase from all the other characterized I-1-Pases are that it exists as a monomer (rather than
a dimer or tetramer) in solution and is more hydrophobic. These physical differences, rather than the
I-1-Pase activity, may be involved in the biological role of wild-type SuhEircoli.

Mutations localized to thEschench!a coli suthgne Table 1: Effect of Wild Type and MutarsuhBon the Growth
product have appeared under a variety of conditions asTemperature of DifferenE. coli Strains Containing Diverse

suppressors of various temperature-sensitive mutations thaMutations

do not share any characteristics in gene function, including effect of extragenic
DNA replication mutationdnaB121(1), protein secretion growthat ~ WT suhBon growth
mutationsecY24(2, 3), and heat shock response mutation  gtrain mutation 30C 42°C  30°C 42°C
rpoH15 (4, 5) A summary of these @fferent mutgnt dnaB121 DNA replication n —

phenotypes in presented in TableE. coli mutant strain (dnaB

B178ts121 1) contains an insertion in thénaB gene that CG1307 DNA replication - + + -
affects DNA replication at higher temperature (e.g. @2. andsuhB

This strain, which has a wild-type chromosorsehBgene, ~ S€CY24 ~ protein secretion  +

|
+
+
|

. . secY24/ protein secretion
forms normal colonies at 30C but cannot form colonies at ssyA3  andsuhB

42°C. A double mutanE. colistrain (CG1307) derived from  rpoH15  heat shock response + -

it contains mutations in botinaBandsuhBgenes 1), and rpoH15/ heat shock response —  + + -

was found to exhibit a cold-sensitive phenotype (inability _ SuhB2  andsuhB

to form colonies at 30C). The introduction of a plasmid

containing the wild-typesuhBgene into the double mutant  fied as a suppressor for tisecY24mutant, turned out to be
allows the cells to now grow at 38C and not 42°C. A a mutatedsuhBgene 8, 4). In the secY24-ssyA3double
secY24mutant with a single base change is defective in mutant, growth at 30C was rescued by a plasmid containing
secretion of envelope proteins across the cytoplasmic mem-yjjld-type suhB The rpoH15 mutant produces alteregf2
brane at higher temperature (4Z) and accumulates protein that results in a deficiency in the transcription of heat
precursors of envelope proteins. T$®yA3mutation, identi-  shock genes; these cells can only grow atGr lower. A
mutation of thesuhBgene enhances’? synthesis and alters
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type. The mechanism by whickuhB mutations suppress mutantE. colicell lines are an excellent tool to probe if the
these other rather diverse mutations is unclear, although iteffect of thesuhB gene is absolutely related to I-1-Pase
has been suggested that wild-type SuhB may participate inactivity. The in vivo complementation test shows tihét
posttranscriptional control of gene expressién?). jannaschij Archaeoglobus fulgidysand Thermotoga mar-

An interesting characteristic of the SuhB protein that is itima |-1-Pases cannot complement téhBmutation inE.
potentially relevant to how its mutants suppress diverse coli CG1307 even though at tie coli growth temperature
temperature-sensitive mutations is its significant sequencethey have levels of expression and I-1-Pase activity com-
homology with mammalian inositol monophosphatase, a key parable to the extragent€. coli SuhB I-1-Pase control. For
enzyme involved in phosphoinositide-dependent signal trans-the second objective, treihBgene was cloned intg. coli
duction pathwaysg—10). I-1-Pases are ubiquitous in a wide expression vector pET23a], overexpressed to very high
range of organisms. When tke coli SuhB protein sequence levels, purified to homogeneity in high yield (1 mg of pure
is used to search the protein database for organisms withenzyme per 10 mL of cultured medium), and characterized
sequenced genomes, one can find proteins ranging from 245inetically. A mutation in thesuhB gene that converts
to 292 residues that are homologous to SuhB. Several ofaspartate-87 to asparagine (D87N) was constructed based on
these organisms (e.@, cereisia€) utilize inositol signaling sequence alignment with human I-1-Pase for which a crystal
pathways; others synthesize inositol-containing lipids as structure existsi(7—19). D87 is aligned with D93 of human
components of their cell membrane. In other organisms, I-1-Pase and is predicted to be a residue involved in both
inositol is part of small solutes synthesized and accumulatedsubstrate and metal ion binding. This mutant SuhB protein
in response to osmotic or thermal stre$4)( However, in was inactive as an I-1-Pase. However, this musahiBgene
many cells includingE. coli, inositol compounds (small  introduced on a plasmid could still complement t¢hB
soluble molecules or lipids) are undetected or represent verymutation in CG1307 and allow the cells to grow at D
minor components. For example, phosphatidylinositdtin ~ These studies indicate that I-1-Pase activity is neither required
coli strains represents less than 0.01% of total phospholipid nor sufficient for complementing the suppressor behavior of
in the cells 12). suhBmutations.

The question arises as to what is the true function of these
homologous proteins, and how can one distinguish betweenMATERIALS AND METHODS
a cellular role as an I-1-Pase, whose primary function is ) . o
hydrolysis of I-1-P and related compounds, and a protein Chemicals. o,L-Inositol-1-phosphatep-inositol-1-phos-
likely to be involved in the regulation of RNA processing Phate, inositol-2-phosphate, 2-AMP, 5-AMgnitrophenol-
(6, 7), whose mutants can suppress temperature-sensitive?hosphate (pNPP);-glycerophosphateGP), p-glucose-
growth. The putative identifications of hypothetical proteins 1-Phosphate (G-1-P)-glucose-6-phosphate (G-6-P), fructose-
as either SuhB homologues or inositol monophosphatase-Phosphate (F-6-P), NAD SDS-PAGE molecular weight
appear sometimes arbitrary, especially when the Sequencénark(_ers, ggl filtration molecular we|ght markers,_and Coo-
homologies drop to the lower range of the threshold{25 Massie brilliant blue 250 were obtained from Slgma. The
30% identity) for most sequence recognition software. For Q-Sepharose fast flow and Phenyl-Sepharose resins were
example, the MJ0109 gene product frdviethanococcus ol_)tamed from Ph_armaCla; BioGel HTP was obtained from
jannaschiiwas initially identified as an inositol monophos- BioRad. Restriction enzymes were obtained from New
phatase and later revised to be a SuhB homologBebased ~ England BioLab. The ligation kit, BL21(DE3)pLysS, and
on its 56.5% sequence similarity with a hypothetical protein NovablueE. coli strains were purchased from Novagen. The
of Haemophilus influenza@10937) (L4) which has 81.1%  PCR kit was obtained from Perkin-Elmer. Tiptu DNA
sequence similarity with th&. coli SuhB protein. If the ~ Polymerase was purchased from Stratagene. Eheoli
protein encoded by MJ0109 is compared with both human double mutant strain CG1307 and the plasmid pLB170 were
I-1-Pase and thE. coli suhBgene product directly, it has a  Provided by Prof. Costa Georgopoulos (Centre Medical
slightly higher score with human I-1-Pase than with SuhB, Universitaire, Ge_neva, Switzerland). TAefngldL_Jsgenomlc
but both scores have30% identity. As the recombinaft DNA was provided by Prof. Harold Schreier from the
coli SuhB protein {5) and MJ0109 gene producté) clearly Umversny of MgrylandJ__-Inosnoll-l—phosphate was synthe-
have I-1-Pase activity with kinetic parametetn( Vinay) sized enzymatically using. fulgidusI-1-P synthase20).
similar to other known I-1-Pase enzymes, in vitro |-1-Pase The construction of plasmid pBC/MJ, which has the
activity is not valid for distinguishing between cellular jannaschiil-1-Pase gene inserted into pET233(and pBC/
function as an I-1-Pase or SuhB homologue. TM, which has _theT. mar_|t|mal-1-Pase gene in pET23a-

The objectives of the present work include the following: (1), was described previousii§, 21). The recombinant
(i) in vivo testing of genes from three thermophiles that have Plasmid, HGBDI64, which contains human I-1-Pase in
been putatively identified as coding for SuhB or I-1-Pase to PBluescript SK-phagemid vector, was obtained from ATCC
see if they are able to complement theghBmutation and (ATCC #103219). The oligonucleotide primers were pur-
allow cell growth at 30C in anE. colidouble mutant strain ~ chased from Operon Technology.
(CG1307); (ii) overexpression and purification of pure SuhB ~ Media and PlatesLB broth has 10 g of tryptones g of
protein for kinetic and physical characterization; and (iii) yeast extract, and 10 g of NaCl per liter. L medium contains
determination of other significant similarities and differences 10 g of tryptone 5 g of yeast extract, ah5 g of NaCl per
between SuhB, thermophiles, and other I-1-Pase proteinsliter. The pH was adjusted to 7.4. The L-plates contained
Stringent testing of the effect of I-1-Pase/SuhB proteins in 50 ug/mL ampicillin and 50ug/mL kanamycin; LB plates
their natural host requires the development of mutant cell had 100ug/mL ampicillin and 34ug/mL chloroamphenicol
lines from those thermophilic organisms. However, the when used for recombinant plasmid transformed BL21(DES3)-
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pLysS strain and 10Q«g/mL ampicillin for transformed
Novablue cells.

Subcloning the E. coli suhB Gene into pET28apénd in
Vivo Complementation Testdwo oligonucleotides, 5
ccagtgagagagaCATATGcatccgatgctgvgith Ndd site) and
5'-gggcgggtgagtGAATTCacccgcectgag{@ith EcoRlI site),
were used to reconstruct and amplify tBecoli suhBgene
from plasmid pLB170 which contasna 5 kilobaseKpnl
DNA fragment ofE. coli in vector pSP6/T7197). The 25
cycle pfu DNA polymerase-amplified PCR products were
digested withNdd and EcadRl, ligated to theNdd —EcoRl-
cut peET23af) vector to form plasmid pBC/EC-wt, and
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pET23aft) plasmid was grown in 5 mL of LB medium with
50 ug/mL ampicillin and 34ug/mL chloroamphenicol until
the optical density at 560 nm reached 0.6. Cell pellets from
5 mL of culture were used to inocu&at2 L of fresh LB
medium containing 10@g/mL ampicillin and 34ug/mL
chloroamphenicol. These cultures were grown tosB0.7

by rapid shaking (200 rpm) at 37C. Overexpression of
recombinant protein in the cultures was induced by the
addition of 4 mL of 200 mM IPTG (to a final concentration
of 0.4 mM). Over the course of-34 h, the cultures grew to
ODsgo ~1.5. Aliquots of cultured cells (300 mL) were
harvested by centrifugation and stored -a20 °C until

transformed to Novablue competent cells to maintain the needed. The time course for expression of protein was
plasmid. The positive clones were identified by restriction monitored by SDSPAGE and detection of a band corre-
mapping. The plasmid from a positive recombinant clone sponding to 32 kDa. The crude cell extract had high I-1-
was transformed into the CG1307 strain, a double mutant Pase activity, whereas the BL21(DE3)/pET28gn(cell

having an insertion in thednaBgene and a mutation in the
suhBgene. ThednaB mutant (ts121) alone does not form
colonies on L-plates at 42C, but can form colonies at 30
°C. Strain CG1307, with a mutation isuhBas well, is a
revertant of ts121 that now forms colonies at°&2but not
at 30 °C. When this double mutant takes up plasmid
containing the wild-typesuhB gene, it forms colonies on
L-plates (with 50ug/mL ampicillin and 5Qug/mL kanamy-
cin) only at 30°C. The plasmids pBC/MJM. jannaschii
I-1-Pase gene in pET23&]], pBC/TM [T. maritimal-1-
Pase gene in pET23&]], pBC/AF [A. fulgidusl-1-Pase gene
in pET23af+)], pLB170, HGBDI64, pET23af), and pBC/
EC-D87N (see mutagenesis &. coli I-1-Pase for its
construction) were also introduced into tBecoli CG1307
strain by standard Cagiransformation methods. The plates
were incubated at 30 and 42 for 20—30 h, and colonies
counted.

Cloning of A. fulgidus I-1-Pase GenEwo oligonucleotide

extract (cells containing the plasmid without thiehBgene
insert) did not have the corresponding 32 kDa band on-SDS
PAGE and no detectable I-1-Pase activity.

Purification of SuhB Protein from Cell Pellefghe initial
purification of this protein turned out to be problematic if
the columns and buffers used for the purification Mf
jannaschiiand T. maritima I-1-Pase were usedl§, 2J).
When the cells were harvested and broken immediately, little
cell debris was detected after centrifugation at 1240
20 min. However, after dialysis and storage, significant
amounts of the overexpressed protein precipitated. When cell
pellets were frozen and stored for several weeks, the protein
was much less soluble when the cells were opened. This low
solubility at low ionic strength is likely to account for the
very low yield (2549/500 mL of cultured cells) of purified
protein reported previouslylb). The inclusion of 50 mM
KCl in the breakage buffer increased enzyme solubility in
the crude homogenate from both fresh and frozen cell pellets.

primers were designed based on the DNA sequence ofFor a typical preparation, frozen cells@.8 g from 300 mL
flanking regions of the AF2373 fragment that was putatively of culture) were thawed and resuspended in 60 mL of buffer

identified as theA. fulgidus suhBgene. 5ccctacgc-
cCcCATATGgatgaaagg-3containing anNdd site) and 5
gcttcctcaatcGAATTCacgtgacc-gontaining aEcoR| site)
were used to amplify the AF2372 gene frof fulgidus
genomic DNA with high-fidelitypfu DNA polymerase. The
25-cycle PCR products were cut witidd —EcoRl and
ligated to theNdd- and EcaRI-digested pET23&(). Positive
clones were identified by restriction mapping, and DNA

A (50 mM Tris-HCI, 1.0 mM EDTA, pH 8.0) with 50 mM
KCI. The suspensions were sonicated forx@0 s on ice,

and the supernatant was separated from cell debris by
centrifugation (1240@ for 20 min). The solubilized protein
was applied to a Q-Sepharose Fast Flow column 2B

cm) and eluted with a gradient of 0.68.50 M KCl in buffer

A (total 400 mL). The I-1-Pase fractions, eluting at 0.1 M
KCl as detected by I-1-Pase activity and SEFAGE, were

sequence was confirmed by automatic double strand DNA pooled (100 mL) and then loaded onto a BioGel HTP

sequencing.
Expression Leels of I-1-Pase Genes in CG130The

column (1.6x 25 cm) preequilibrated with buffer A. Protein
was eluted with a linear gradient of-@.2 M (NH,),SOy in

percent of total protein in CG1307 that is represented by Buffer A (total volume~200 mL). The fractions of pure of
I-1-Pase was measured by comparing the observed specificSuhB protein as judged on SB®AGE were combined and
activity (measured with a colorimetric phosphate assay) in dialyzed against buffer A with 200 mM KCI and concentrated

the crude extract (nmol mih mg™?!) toward p-I-1-P at a

to 6 mL with a protein concentration of 5 mg/mL or

given temperature to the specific activity for each of the pure concentrated te~30 mg/mL without dialysis.

I-1-Pases toward-I-1-P at that temperature (30 or 4Q):
[specific activity of crude extracts/specific activity of pure
I-1-Pase]x 100 = % expression of I-1-Pase of the total
protein (weight by weight basis). Specific activity values for
the M. jannaschiiandT. maritimal-1-Pases toward-I-1-P
have been published previous®Q 21).

Overexpression of Recombinant SuhB Protdihe re-

Mutagenesis of E. coli SuhB I-1-Pase Aitti. Residue
D87 of E. coli I-1-Pase is aligned with D93 in the well-
conserved active site region of human enzyrh@—19).
Mutation of human I-1-Pase D93 to N93 resulted in complete
loss of I-1-Pase activity22). D87 in theE. coli enzyme is
an excellent target for mutagenesis because a similar mutation
(D87N) should also eliminate its I-1-Pase activity completely

combinant plasmid pBC/EC was transformed into BL21- if the E. coli and human enzymes have similar active site
(DE3)pLysS-competent cells for expression. A single colony structures. The two-step overlap extension PCR mutagenesis

of BL21(DE3)pLysS containing the recombinaathBgene-

method 23, 24 was used to introduce the specific mutation
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(D87N) in thesuhBgene. In the first-step PCR, two pairs 5416 2. Results of in Vivo Complementation of thehBMutation

of primers, primera, 5'-gatcccgcgaaattaatacgactcacedd in E. coli CG1307 upon Transformation with Plasmids Containing
primerb, 5'-aaagttggtagtgccAT TcagtggatcgataaGg@8mer Various I-1-Pase Genes

¢, 5'-ggttatcgatccactgAAT-ggcactaccaactttshd primerd, colonies  colonies
5'-ggggttatgctagttattgct-3were used to amplify theuhB designation  hostplasmid  |-1-Pase gene(30°C)  (42°C)
gene fragment from the wild-type recombinant plasmid. pLB170 PLB170 E.colisuhB 500 0
Primersa and b resulted in a 713 bp fragment that had PET23at)  pET23a() - 0 1000
overlapping ends with the 369 bp fragment amplified by ESS?EEIVS%N EE%% ‘I’D"g‘%f\lyﬁfustgﬂf 3883_3000 100
primersc andd. One GAT codon was modified to AAT in suhB

the overlapping region of both fragments. In the second- pPBC/MJ PET23af) M.Iji@ggsscehii 0 1000
step PCR reaction, the eql_,lal molar gerye_-cleaned 713 andeC,T,vI PET23a() T maritma 0 1000
369 bp fragments from the first-step amplification were used I-1-Pase

as templates and amplified with primerandd, which gave PBC/AF PET23at) A {ullggius 0 1000

a 1050 bp product. The gene-cleaned 1050 bp fragments were,cgpiea pBluescript human ﬁ?fPase 0 600
cut with Ndd and EcoRl and ligated to theNdd —EcaRI- SK-phagemid

digested pET23af) vectors to form the mutant plasmid vector

pBC/EC-D87N. aPlasmids (1uL) were transformed into CG1307 competent cells

Inositol Monophosphatase Assay<i-Pase activity was using the standard Ca@tansformation method. Afterthe preincubation
. . Lo f . at 37°C for 1 h, the cell pellets were resuspended in 200f fresh
measured by colorimetric determination of released inorganic L media, and 100L of each was plated on L-plates. The plates were

phosphate (P (25). For use in monitoring |-1-Pase activity  then incubated at 30 or £ for 2030 h.
of column fractions, the reaction mixture containedl2of
D,L-I-1-P (10 mM stock in 50 mM Tris, pH 8.0), AL of coli in complementing the chromosomslihBmutation in
MgCl, (200 mM stock in 50 mM Tris, pH 8.0), and 44 CG1307, we transformed three recombinant plasmids, pET23a-
of enzyme solution. The amount of enzyme added was (+) containing known functional I-1-Pase genes (pBC/MJ,
adjusted to give amgso Of 0.3—0.4 within 1-2 min of pBC/TM, and pBC/AF), into the double mutant strain
incubation time. The final concentrations of substrate and CG1307. pBC/MJ contains the cloned I-1-Pase gene from
Mg?* were 0.4 and 8 mM in most assay mixtures. For the M. jannaschij pBC/TM has theT. maritimal-1-Pase gene,
Vmax and K, determinations, the sensitivity range of the and pBC/AF contains thé. fulgidusl-1-Pase gene. The
colorimetric P assay and the lower substrate concentrations effects of these plasmids on the growth temperature of
needed in the assay required increasing the total assay volum&G1307 are shown in Table 2. Clearly, those I-1-Pase genes
to 0.5 mL. After incubation at 37C (the assay temperature  did not function to complement tHe. coli mutant, because
used unless specified) for 1 min, 1 mL of ammonium the transformed host cells still formed colonies on L-plates
molybdate Malachite Green reagent was immediately addedat 42°C only; no visible colonies appeared when the plates
to the mixtures25). The color reagent containsl.2 M HCI were incubated at 30C. The pET23af) and all the pET
and is sufficient to stop the reaction. A comparison of vector series28) were specifically designed to be used with
observedAsso changes to standard Bamples was used to  E. coli strains, such as BL21DE3 and its derivatives, that
calculate the I-1-Pase rate. All the substrates were quite stablehave an inducible chromosome copy of the T7 RNA
for at leas 1 h in the dyesolution as evidenced by the lack polymerase gene under the control of lacUV proma2&).(
of B, in controls without the addition of the enzyme. Specific To get expression of the cloned genes with any other strains,
activity values were calculated by using the protein concen- the T7 RNA polymerase gene required must be introduced
tration determined by the Bradford methdb) with bovine by helper phage infection. The genes cloned downstream of
serum albumin (obtained from BioRad) as the standard. A the T7 promoter, which are not used By coli host RNA
calculated extinction coefficiertgo = 23 000 moicm based polymerase, have a low chance of being transcribed, and the
on the predicted amino acid compositid27 was used to  base line transcription is expected to be extremely low. One
determine the concentration of homogeneous recombinantmight argue that those cloned genes might not be functional
protein. in E. coli because the CG1307 strain does not have any

Gel Filtration. A column (1.6x 72 cm) of Biogel A 0.5m source of T7 RNA polymerase, and pET 28a(does not
equilibrated with buffer A or buffer A with 0.25 mM KCI  have anE. coli promoter before its polycloning site. The
was used to determine the native molecular weiglt.afoli promotor for thes-lactamase gene in that plasmid is also
SuhB protein in low and moderate ionic strength media. The far away from the cloned I-1-Pase genes. With this potential
void volume was determined with Blue Dextran, and the complication in mind, we subcloned the wild-tyjge coli
column was standardized withamylase (200 kDa), alcohol  suhB gene into the same plasmid. The CG1307 strain
dehydrogenase (150 kDayl. jannaschiil-1-Pase (56 kDa)  transformed with the plasmid containing wild-tyfe coli
(16), carbonic anhydrase (29 kDa), and cytochran{&2.4 suhB (designated pBC/EC-wt) exhibited growth at 30
kDa). Samples (0.5 mL ofygo 2~3) were applied to the  (Table 2) and not at 42C. As a positive control, the plasmid
column and eluted at a flow rate of 0.4 mL/min. Fractions pLB170 was introduced into CG1307; as expected, cell
of 2 mL each were collected and assayed for I-1-Pase activity growth now occurred at 3tC and not 42C. When CG1307
and absorbance at 280 nm. was transformed with plasmid pET23g( that did not

contain the wild-typesuhBgene, the cells could only grow

RESULTS at 42°C, implying thesuhBgene introduced with pBC/EC-

In Vivo Complementation of suhB Mutatiofo test if wt was responsible for complementing the chromosomal
other microbial 1-1-Pase gene products can functiofein ~ suhBmutation. The cells transformed with pET233(did,
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Table 3: I-1-Pase Activity in Protein Extracts Bf coli CG1307
Transformed with Plasmids [pET23g)] Containing Various
I-1-Pase Genés

sp act. (nmol min mg=1)

I-1-Pase gene source 3G 42°C expression level (%)
E. coli 1.86+0.04 4.21+ 0.06 0.096
M. jannaschii 0.65+ 0.06 1.47+ 0.06 0.29
T. maritima 11.9+0.08 27.2+£0.2 0.13

aCultures were grown in 10 mL of media at the permissive
temperature from a single colony; I-1-Pase activity was assayed with
p-I-1-P as the substraté Expression level was estimated by comparing
the specific activity of the I-1-Pase in protein extracts fr&mcoli
CG1307 containing the plasmid to the specific activity of the purified
enzyme (see Materials and MethodsLells of E. coli CG107 with
theE. coli suhBgene introduced on the pET23g(plasmid were grown
at 30°C. ¢ E. coli strain G1307 with theévl. jannaschiil-1-Pase ofT.
maritima I-1-Pase gene introduced on the pET28pplasmid were
grown at 42°C.

however, acquire ampicillin resistance from the plasmid.
Interestingly, the commercial plasmid HGBDI64 that con-

tains the human I-1-Pase gene was also not functional in
altering the growth temperature of the double mutant
CG1307.
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Ficure 1: (A) E. coli SuhB protein expression and purification
analyzed by 12% acrylamide SBAGE stained with Coomassie
brilliant blue: lane a, molecular mass standards (kDa): 66, 45, 36,
29, 24, 20.1, 14.2; lane b, crude extract; lane ¢, combined fractions
from QFF column; lane d, purifieB. coli SuhB. (B) SDS-PAGE
analysis of D87N SuhB mutant overexpression: solubilized cells
in lanes a and c indicate high levels of soluble proteins at 32 kDa
which are inactive as I-1-Pase enzymes because of the mutation of
active site residue D87. Lane b represents protein from a mutant
plasmid that did not overexpress the recombinant protein. In lane
d are shown molecular mass standards (66, 45, 36, 29, 24, 20.1,

&

Since the complementation assays relied on basal levelsand 14.2 kDa).

of expression from a T7 promoter in the absence of the T7
polymerase, expression levels of the different I-1-Pase
proteins could differ significantly. Thus, differences in

protein expression could be the reason that the plasmids with

the I-1-Pase genes from the two thermophiles could not
complement thesuhB mutation in CG1307. To test this,
expression levels of the different I-1-Pase proteins (at the
permissive temperature for growth) introduced into the
CG1307 cells were quantified by measuring I-1-Pase activity
(at both 30 and 42C) in protein extracts and comparing
this to specific activity for the pure enzymes at the relevant
temperature. As shown in Table 3, expression of the three
I-1-Pases for which data are available for the specific activity
of the pure I-1-Paselg, 21) was comparable (0-10.25%).

Table 4: Purification ofE. coli SuhB Protein

total protein specific total yield purification

(mg) activity? unit® (%)  (x-fold)
crude extract 92.8 2.05 190 100 1
Q-Sepharose fast flow 40 3.1 125 66 1.52
Phenyl-Sepharose 31 3.3 101 53 1.59

a Specific activity units argmol min~* mg-! (determined wittp,L-
I-1-P at 1 mM concentration); assays were carried out &3P One
unit is defined as imol of R produced per milligram of protein per
minute at 37°C.

30.5+ 1.5 kDa in low ionic strength buffer (buffer A) and
39 kDa in buffer A supplemented with 250 mM KCI. Since
the SuhB protein has I-1-Pase activity, the gel filtration

Furthermore, enzyme activity was detected for each enzymeresults strongly suggest this I-1-Pase is active as a monomer,

at both 30 and 42C. These results strongly suggest that
I-1-Pase activity alone cannot complementsbBmutation
in CG1307.

Overexpression, Purification, and Mutation of Recombi-
nant Protein The apparently unique ability of extragenic
suhBto complement th&. coli CG1307 mutation and alter

a striking difference from all other known I-1-Pase proteins
which are oligomeric (usually dimers). Interestingly, the

activity of mammalian I-1-Pase has been detected in 8 M
urea @0). This observation suggests that partially folded

conformations of mammalian I-1-Pase monomers still have
the catalytic site preserved and are functional.

the growth temperature of the cells suggested that some other Aligning the sequence dE. coli SuhB with the human

facet aside from I-1-Pase activity was linked to its behavior
in E. coli. To study the SuhB protein and to compare it to

I-1-Pase (Figure 2), for which there is a crystal structdife-
19), suggests that the. coli protein has most of the key

the other better studied I-1-Pases, the SuhB protein wasactive site residues of the human enzyme. Specificéally,

overexpressed ifE. coli to very high levels (6670% of

coli I-1-Pase has D87, A188, E205, P158, and D212 aligned

total cellular protein). About 30 mg of pure enzyme (Figure with D93, A196, E213, S165, and D220 of the human
1A) could be obtained from 300 mL of cultured cells; a enzyme (these residues form the inositol binding site). In
summary of specific activities and yields after each step is particular, D93 of the human enzyme has been shown to be
shown in Table 4. The purified SuhB protein was character- critical for activity (22). The similarity in inositol binding
ized by a single band on SB®AGE with an apparent  motifs between human artl coli proteins suggested to us
subunit size 0~32 kDa; that value is considerably larger that theE. coliD87N mutant would be inactive. If the mutant
than the 29.2 kDa predicted from the DNA sequence. The is indeed inactive [evaluated by overexpressing the altered
abnormal electrophoretic mobility for this protein was first gene in BL21(DE3)pLysS and assaying for mutant protein
observed by Matsuhisa et alg); the reason for this behavior  specific activity], it can be used to transform the double
is unknown although it may reflect enhanced hydrophobicity mutant strain CG1307. If colonies still only form at 42,

of the protein compared to other I-1-Pases. Gel filtration then I-1-Pase activity is necessary for tudBgene product
showed the native. coli SuhB to have a molecular mass of to complement the chromosonmalhBmutation in CG1307.
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10 20 30 40 50
Human MADPWQECMDYAVTLARQAGEVVCEAIK--NEMNVMLKSSPVDLVTATDQKVEKMLISST
E.coli MHPMLNTIAVRAARKAGNLIAKNYETPDAVEASQKGSN-DFVTNVDKAAEAVIIDTI
10 20 30 40 50
60 70 80 90 100 110

60 70 80 90 100 110

120 130 140 150 160 170
Human FGVVYSCVEGKMYTARKGKGAFCNGQKLQVSQQEDITKSLLVTELGSSRTPETVRMVLSN

120 130 140 150 160 170

180 190 200 210 220 230
Human MEKLF--CIPVHGIRSVGTAAVNMCLVATGGADAYYEMGIHCWDVAGAGIIVTEAGGVLM

180 190 200 210 220

240 250 260 270
Human DVTGGPFDLMSRRVIAANNRILAERIAKEIQVIPLORDDED

230 240 250 260

FiGure 2: Sequence alignment of human I|-1-Pase Bndoli SuhB; the likely active site residues, based on the human enzyme crystal
structure, are labeled in boldface.

If, however, the transformed cells now grow at 3D, then 1.2
the ability of the protein to complement the mutation is = A . 2
independent of |-1-Pase activity. A plasmid, designated pBC/ z ! 1 . ’
EC-D87N, was constructed with the mutasithB gene. < 08 { 08 |
Overexpression of the mutant in BL21(DE3)pLysS yielded 2 EEER
large amounts of soluble D87N protein (Figure 1B), com- 2 06 E )
parable to what can be generated with the wild-tgp&B 0 N
gene in that expression strain. Similar to the human D93N 04 Y omrew
mutant enzymek. coli SuhB D87N had no detectable I-1- o b S
Pase activity (the upper limit on I-1-Pase activity was 0.0003 '
umol min~* mg%, or less than~0.01% of the wild-type 0d ! I I
activity). Transformation of CG1307 with pBC/EC-D87N 0 50 100 150 200
caused colonies to grow at 3C instead of 42C (Table Mg (mM)
2). Thus, the loss of I-1-Pase activity had virtually no effect 12
on the ability of the extragenic mutasthBto complement o
the CG1307 mutation. Whatever the SuhB protein is doing £ !
in the E. coli cells, it does not require I-1-Pase activity. g 0.8
Kinetic Characterization of the E. coli SuhB I-1-Pase 2
Activity. Like all the other I-1-Pase enzymes, thecoli SuhB § 0.6

protein required Mg for I-1-Pase activity (Figure 3A). The
optimal M¢®* concentration was around 6 mM, which is 04
close to the previously reported value of 10 mbb). This
Mg?t requirement is slightly higher than that for most
mammalian and plant I-1-Pase enzymes-§1mM) (31— 0 S -

34) but much less than the optimum required by I-1-Pase Mg* Co Ni#* Mn* Zn* Fe* Cu* Ca®
enzymes from thermophilic organisms (5000 mM) (16, Metal ions

21). Other divalent metal ions that led to partial activity Ficure 3: (A) Dependence oE. coli SuhB I-1-Pase activity
included C&*, Ni2*, Mn2*, Zm?*, and F&* (Figure 3B). (toward 0.4 mM I-1-P in 50 mM Tris-HCI, pH 8.0, at 3T) on

: . . - . _Mg?" concentration. Activities are normalized to the value obtained
When these metal ions were included in an assay contalmngwi%h 6 mM MgCh. (B) Ability of other metal ions (at 6 mM) to

Mg?*, they all inhibited the enzyme activity, indicating that  activateE. coli extragenic suppressor I-1-Pase activity in the absence
they could bind tightly to the enzyme but were not as of Mg?t. Activities are normalized to the value obtained with 6

effective as Mg". While high concentrations of divalent ~mM MgCl..
metal ions inhibited I-1-Pase, small monovalent ias the mM substrate was 2 mM, a value higher than #efor
most potent inhibitor (Figure 4). The égfor Li*™ with 0.4 mammalian I-1-Pases (6-2.3) (22, 39 and the value of
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12 Table 5: Kinetic Parameters fd&. coli SuhB |-1-Pase Activity
] Vmax [#mol of R
? 1 —={ EF’ substrate  temp’C) Km (MM) min~! (mg of proteiny?]
3 08 D-I-1-P 37 0.064+ 0.003 6.9+ 0.1
s L--1-P 37 0.079+ 0.011 2.66+ 0.09
g pL-I-1-P 37 0.069+ 0.010 3.38+ 0.06
T 06 D,L-I-1-P 70 0.092+ 0.018 27.6+1.4
04 Pase activity of SuhB was also less efficient in hydrolyzing
LiTIC. (Li)=2 mM [-2-P, with only~_2% of the activity t_oward I-1-P [t_hisf should
0.2 %0 be compared with 77% in the earlier repdt§)]. Similar to
other I-1-Pases, th&. coli enzyme can hydrolyze other
0 *— ' ® phosphate monoesters includifigylycerophosphate and-2
60 80 100 AMP (both with CH-O—PQs2~ groups). However, pNPP,
M (mM) 5'-AMP, NAD*, G-6-P, and G-1-P were not substrates (at
Ficure 4: Inhibition of E. coli SuhB I-1-Pase activity by L'i (@), 0.4 mM) for theE. coli enzyme. For comparison, |-1-Pases

Na" (O), and K" (O). Assay mixtures containing 0.4 mMjL-I- i ;
1-P in 50 mM Tris-HCI, pH 8.0, with 6 mM MgGland 1.4ug of from thermophilic organisms possess broader substrate

I-1-Pase were incubated at 3C for 2 min. Relative activities are ~ SPecificity and exhibit high activity toward pNPP and G-1-P
normalized to the value for the assay without the monovalent cation (16, 21). The kinetic differences between the SuhB charac-
salt added. terized here and that reported earlier cannot be explained
by experimental errors based on the assay methods used,
and might suggest that there is a slight difference in SuhB
enzymes between different cell lines. ThehBgene that
was expressed, purified, and characterized in this work was
identified by its ability to complement the chromosorsahB
mutation in the double mutant CG1307. The previously
characterized SuhB proteid%) was isolated as the protein
whose mutation acted as a suppressor of the protein secretion
mutationsecY24 Clearly, there could be slight differences

in the two enzymes.

Temperature Dependence of Adly and Heat Stability
of E. coli I-1-Pase The specific activity ofE. coli I-1-Pase
PR R W E— increased significantly with increasing temperature (Figure
DILP, LIIP, DLIIP, 2P, YAMP, fGP, pNEP, G1P, G6P, F6P, 5AMP, NAD" 6A) for assays with short incubation time (2 min). An

FIGURES: Substrate specificity d&. coli SuhB phosphatase activity. Arr_hemus pIO.t of.these data Was_‘ linear to 7, and the
The assay mixturesl containing 1.0 mM substra’[e, 6 MM Mgc| eStImated activation energy Of th|S enzyme was 46 kJ/mOl
in 50 mM Tris-HCI, pH 8.0, and enzyme (1.4) in a total volume The enzyme itself was also moderately heat stable for longer
of 20 //_LL, were incubated at 37C for .2 min. Activi_tigs are periods of time. Most plant and mammalian I-1-Pase
normalized to the value far-I-1-P. Errors in enzyme activity were enzymes, although they inhabit an environment with a
3—5%.

temperature of 37C or lower, are very heat stable and can
survive long incubation periods at 670 °C (31, 39 and
15 min at 80°C (34). The recombinant I-1-Pases from the
hyperthermophilic microorganisms have even more pro-
nounced heat stabilitylg, 21). Since theE. coli suhBgene
product has significant sequence homology with those 1-1-
Pases, it was expected to be at least moderately heat stable.
As seen in Figure 6B, about 90% activity survived after
heating for 5 min at 70C.

1.2

0.8

0.6

Relative Activity

04

02

0

0.3 mM that had previously been estimated fof inhibition

of SuhB protein 15). Neither Na nor K* had any significant

effects on activity in the concentration range ef100 mM

and only inhibited the enzyme at very high concentrations.
The substrate specificity &. coli SuhB I-1-Pase activity

is shown in Figure 5. In contrast to previous repofs)(

we found this enzyme can discriminate betweasnand

L-isomers of I-1-P under the assay conditions used.Hhe

coli I-1-Pase was about 2.5-fold more active towasid1-P DISCUSSION

than toward.-I1-1-P. This difference in activity remains over

a substrate concentration range of 0:@30 mM and for Mutations in theE. coli suhBgene have the ability to

assay temperatures as high as’85The only other known  suppress diverse mutations [e.g., defects in DNA replication

I-1-Pase that has a large preference forgHisomer is the (dnaB12), protein secretion secY2¥, and heat shock

T. maritimal-1-Pase, which is about 20 times more active responserpoH15)] that affect the growth temperature of the

toward p-I-1-P thanr-I-1-P (21). The Ky, and Vmax Values organism. The mechanism by which this occurs is unclear.

for the E. coli I-1-Pase toward I-1-P isomers are listed in Rescue of the original mutant phenotype occurs with the

Table 5. At 37°C, the Vinax was 2-3-fold lower than the introduction of wild-typesuhBon a plasmid. The comple-

previously reported value [12:2nol min~* mg* (15)], but mentation test described here confirms that shaBgene

the K, was almost identical with that work. Th¥max only, without the need of any flanking region, is fully

increased dramatically when the temperature was increasedunctional in complementing the suppressor mutation in the

to 70 °C while theK,, remained almost the same. The I-1- CG1307 double mutant strain. More critically, mutation of
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25 to dsRNA and protecting it from RNase IIl degradation (in
essence acting as a ‘dsRNA chaperone’). This could explain
why suhB mutations always cause cold-sensitive growth.
RNase Ill most effectively interacts with dsRNA at lower
temperatures; hence, wild-type SuhB is required to protect
the RNA and allow cell growth. At higher temperatures,
dsRNA secondary structure is destabilized and effective

complex formation with RNAse Il blocked.

One unique characteristic of the SuhB I-1-Pase (compared
0 L L ! to all other known I|-1-Pase proteins) is that it can exist in

0 20 40 60 80 100 solution as a monomer as well as form large insoluble

Temperature (°C) aggregates that can be solubilized by increased salt. All other

12 ' : , , . characterized I-1-Pases are dimers (or a tetramer in the case
of the enzyme fronT. maritimg and are extremely soluble
in low ionic strength buffers and show no tendency to
precipitate from solution. ThE. colil-1-Pase is also a more
hydrophobic protein. SuhB as overexpresseH.igoli does
not appear to be a membrane-associated protein. However,
when the cells are lysed by sonication, SuhB is sufficiently
amphipathic to solubilize all the membrane debris. That the
intact cells containing the SuhB are viable suggests that the
SuhB must initially be soluble in the cytoplasm or possibly
aggregated but in either case not associated with the
membrane. It is tempting to suggest that the more hydro-
phobic monomeric structure of this protein is linked to its
Ficure 6: (A) Temperature dependencetfcoli SuhB I-1-Pase  pjglogical role inE. coli and that mutations in this protein

activity. (B) Thermal stability ofE. coli I-1-Pase activity after : _
preincubation at 70C for various times. The enzyme activity was that lead to altered SuhB (not mutations that reduce expres

measured after the preincubation by adding protein to the standardSion) might alter this characteristic and lead to suppressor
assay mix and incubating at 3T for 1 min. behavior. However, a definitive understanding of the differ-

ences between |-1-Pases, wild-type SuhB, and SuhB muta-
theE. coliprotein at D87 generated an inactive I-1-Pase that tions that function as suppressors is likely to be answered
still complemented the mutation. This result clearly indicates only with high-resolution structural data. In this paper, we
that I-1-Pase activity is not required for complementation have developed a protocol for very efficient overexpression
of mutantsuhBin E. coli CG1307. On the other hand, neither and purification ofE. coli SuhB protein that can provide
the archaeaM. jannaschiiandA. fulgidusl-1-Pase nor the enough pure protein for crystallization purposes.

eubacteriall. maritimal-1-Pase protein was functional in - 1hege results also provide the possibility of using pET23a-
comp_lemgntlng the suppressor mutation in thatoli strain. (+) vector in a cell-based high-throughput screening assay
Considering thall. maritimal-1-Pase has comparable I-1- ¢ hroteins that complement the suppressor mutations.

Pase activity with thé. coli enzyme at 30C [and a similar  ajthough this vector normally needs T7 RNA polymerase
activation energy 21)], and that even though they are ¢, high-level gene expression, the very efficiet coli
expressed at low levels i&. coli CG1307, all I-1-Pase  jhosome binding site located before the polycloning site
specific activities are comparable, we can conclude that I-1- st compensate partially for the low transcription efficiency
Pase activity is neither sufficient nor required for the a4 thus can still provide enough expressed protein for
complementation behavior of this protein. cellular function. Two major advantages to using pET23a-
A possible scenario for how SuhB complements these (1) 55 4 vector in the high-throughput screening assay are
temperature mutants has been outlined by Inada and Nakag ¢ (j) it can be directed to produce only native protein by
mura 6, 7), who propose that SuhB possesses an anti-RNASej s cloning the gene of interest in ilde site while other
Il activity that affects mMRNA stability. The d_ouble strand  \actors (e.g., pUC) often need to produce N-terminal fusion
RNA (dsRNA) cleavage ability of RNase lll is thought 0. proteins, and (i) the plasmid isolated from positive clones
be lethal at nonpermissive temperatures. SuhB could act aYthose that grow at 30 rather than #2) can be transformed
an anti-RNAse lll factor by (i) direct interactions with RNase directly into the expression host to overexpress the protein
[l to modulate its activity or (ii) interactions with target ¢ interest without successive subcloning. The proteins

RNAs to protect them from RNase Il degradation. If there  qerexnressed from the plasmid selected from positive clones
is a direct interaction of SuhB with RNase IlI, it does not 4o functional in vivo in complementing the suppressor

require SuhB phosphatase activity in theaB121mutant. behavior of thesuhB mutation in CG1307. Any plasmids

Could there be an alternative activity of SuhB that regulates coding for mutant inactive proteins would be eliminated by
RNase 1117 The protein encoded byhBhas been noted to 14 functional screening.

have high homology to that coded for by tbgsQor amtA

gene (needed for ammonium transport and aerobic cysteineacKNOWLEDGMENT

biosynthesis)5). However, exactly what type of ‘activity’

the proteins share will require more detailed physical studies We thank Prof. Costa Georgopoulos and Dr. Debbie Ang,
of SuhB. An alternative explanation has SuhB protein binding Centre Medical Universitaire in Geneva, Switzerland, for
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