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Abstract:

Theenterobactin biosynthetic enzyraatA formsa complex withEntE,the next enzyme in the
pathway to enhancectivationof the enterobactin precursdy3-dihydroxybenzoateHere we
used phage displag identify an EntEinteracting region on the surface of Ent#pon panning
immobilized EntE with a random peptide phage libraryresmveredt7 uniqueEntE-binding
dodecamer peptide sequentest alignedo aregion of theEntA primary sequence
corresponding tbelix !4. In order to furthemvestigatethis region, we mutagenizé&thtA Q64
a hydrogerbonding residugéound on the surfaeexposed fac&t . FarUV circular dichroism
thermal denaturation experimenésmd enzymatic assaghowed thamutation of EntA residue
GIn 64 to alaninéQ64A) had no deleterious effect on EntA structaréunction By following
nearUV CD spectral changesvefoundthatthe spectrunof wild-type EntA wasaltered in the
presence of EntEndicative of conformational changes in EntA aromatic chromophores upon
formation of the EntAEntE complexHowever,EntEdid notaffectthe CD spectrunof EntA
variantQ64A, demonstratig thatthis variantdid not interact with EntE in a manner similar to
wild-type EntA Analytical ultracentfugation of wildtype and variant EntA pteins showed
that EntA Q64A was predominantly dimeric at|#@, unlike wild-type EntAwhich was
predominatly tetrameric Taken together, odimdings establish that EntA4 is required for

efficient formation of the EntAntE as wel asfor EntA oligomerization

Keywords: siderophore, enterobactin, protgirotein interactions, plga display, circular

dichroism, analytical ultracentrifugation.



Abbreviations: AUC: analytical ultracentrifugation; CD: circular dichroism; NRPS:-non
ribosomal peptide synthesis; DHB: 2jlhydroxybenzoic acid; Fur: Ferric Uptake Regulator;
SDSPAGE: sodium dodecylsulfaqgolyacrylamide gel electrophoresis; TCHRis(2-

carboxyethyl)phosphine



Introduction

Siderophores are small molecules that chelate ferric irdnextraordinarily high affinity
(estimateK ~ 10°° M) [1,2]. Escherichia coli synthesizesand secretethe catecholate
siderophoreenterobactirfor iron acquisitiori3-5]. Enterobactins a cyclic triester of 2,3
dihydroxybenzoylserine (DHBShat isproducedn response ttow intracellular iron
concentrationa Biosynthesis of enterobactiequires the activities of sevegtoplasmic
enzymes: EntA= and EntH. The pathway of enterobactin biosynthesis can be divided into two
major arms: (1) the DHB synthetic ainvolvesthe sequential activities of EntC, EntB-(
terminalisochorismatase dommgi and EntA to produce 2¢dihydroxybenpic acid (DHB) from
chorismate(2) the NRPS arm involves the enzymes EthE,Gterminal aryl carrier protein
domain ofrolo-EntB (produced by phosphopantetheinylatiomaf-EntB by EntD),and EntF.
These proteis functiontogetheras a Omoleculassembly line] that results in the
condensation of three molecules of DHB with three moleculessefrinefollowed by
cyclizationto form enterobactin.

Numerous protenprotein interactions within thieRPSarm havealreadybeen reported
[7-11]. We recently reported a protgomotein interaction at theeinctionalinterface of the DHB
synthesis and NRPS arms of the pathyay We discoveredhatEntA, the lasenzymein the
DHB synthesis arrof the pathwayformsa complexwith EntE, the enzyme that adenylates
DHB for its subsequent attachmentiido-EntB. Formationof the EntAEntE complexcauses
an enhancement of EntE activigntA produces 2 lihydroxybenzoic acid bthe NAD-
dependent oxidation of the precursor-8iBydro-2,3-dihydroxybenzoic acid produced by the
isochorismatase domain of EntB3]. The X-ray aystalographicstructureof EntA has been

reported14]. EntA has aeétrameric quaternary structure orgaad asa dimer of dimer¢PDB



code: 2FWM, chains A,B,C,Dne dimer interfacébgtween chains A ard or between chains
B andD) has a buried solvent accessible surface 4ra8A) of 1,322 2 whereas thether
interface between chains A ar8l or between chain€ andD) has a buried ASA of 995 2,
We havereportedthatthe oligomericstate of EntAin vitro is concentratiordependent: at
concentrations below 4 #M, EntA is predominantly dimeric, whereas at concentrations above 8
#M, the protein $ predominantly tetrameria2]. We found that EntE interacts with higher
affinity to EntA in the tetrameric form than in the dimeric form.
Here we continue our investigation of ERERtE complex formation by identifyingn
EntA residuerequired for tetramrization as well afor efficientformation of the EntAENtE
complex The dual role of this residwgiggests that it is located in a region appropriate for

targeted disruption of EntA higherder functiongnvolving protein interactions

Materials and Methods

Reagents
All chemicals were purchased from Bioshop Canada, Inc. (Burlington, Ontario) exc&piR,3
which was purchased from Sigmddrich (St. Louis, Mo.) Chorismic acid was kindly provided

as a gift by Dr. Joanne Turnbull (Concordia Uniitgjs

Phage display

The Ph.D-12™ phage displayandompeptide library kit (New England Biolabs) was used to
pan a phage library containing randdodecaner peptide sequences against immobilized EntE.
Panning was carried out by incubating 10 pl tibeary of phagedisplayed peptides (2.5x*0

pfu/ml) in a24-well polystyrendrayin which each well wasoated with approximately 100 pg



of purified EntE.Trayswerewashedwith Buffer A (50 mM Tris (pH 8.6), 150 mM NaCl, and
0.1% (v/v) Tween 2)) and hen blocked with bovine serum albumin (1 mg/Bund phage
particleswere eluted by the addition of a solution containing 0.2 M glyEiG# (pH 2.2) and
bovine serum albumin (1 mg/ml). Eluted phageticleswereamplifiedin E. coli ER2738 cells
and two additional binding/amplification cycles were performed. After three roahganning
clones were selected by picking individual plaques containing amplified pleagoped on
platedlawns of E. coli ER2738cells Each plaque represented a clonal phagmilation
containing a singldodecaner peptide sequence. Singkeanded DNA was isolated from phage
amplified from plaque picks using the QIAGEN M13 Kit (QIAGEN Inc, Chatsworth, CA) and
sequenced at the McGill University and GZnome QuZbec InnovatidreC&mino acid
sequences afodecaner peptides from isolated phage particles were predicted from DNA
sequence datdioinformatic analysis of thanique peptide sequences isolated from Ebuknd

phage particles wgserformedusing thesoftwareRELIC-MAT CH [15].

Site-directed mutagenesis

Site-directed mutagenests EntA was performedsingthe pCA24N-H6-entA construct

obtained from the ASKA reposito[ys] as a templataVe previouslyused this construdbr
expression and purification of wHiype, recombinant hexahidine-tagged EntA[12]. Site-

directed mutagenesis experimewtse performed usinthe QuckChange Sitdirected
Mutagenesis Kit (Stratagene) along watlpair of custonsynthesizedanutageic oligonucleotide
primers for each mutant generatbtlutagenic oligonucleotides were designed to substitute EntA
GIn64 to Ala (Q64A) (forward primer: B5GT CGC GCA AGT GTG TGC GCG ACT GTT

AGC TGA AAC G-3'; reverse primer: &ZGT TTC AGC TAA CAG TCG CGQACA CAC



TTG CGC GAC G3'). Themutagenesiseaction mixture contained the pCA24#-entA
template(5-50 ng), mutagenic forward and reverse primers (125 ng each), 1 pl of dNTP mixture
(10 mMeach of dATP, dTTP, dCTP, and d@TBnd DNA polymerase (0.05 U/ul). The

number, duration, and temperature of the PCR cyclespegfermedaccording to the
manufacturésinstructions. Doublestranded plasmids obtained from site directed mutagenesis

were purified using QIAGEN M13 Kit aneerified by sequencing.

Expression and purification of EntA wildype and variant proteins

Constructs containing DNA sequences encodirigame Nterminal hexahistidine tagd EntE,
EntA, or EntA varianQ64A were transformed into competdntcoli AG-1 cells(Stratagene)
Transformants were grown in LB broth containing 30 ug/ml of chloramphenicol at 37 {C to an
ODggo 0f 0.8 Protein expression was indext with the addition of IPTG tb mM followed by
further incubation at 37C for 3 hours. Cell lysiwas performed using the BugBuster Master
Mix lysis buffer (Novagen). Clarified lysates were applied to anl@rofinity IMAC column
connected to a BioLogic DuoFlow FPLC system (Riad Laboratories). The column was
washed using BuffdB (50 mM Hepes (pH8.0), 100 mM KCI, 1 mM TCEP, and 10 mM
imidazole). The hexahistidiAagged proteins were eluted using a linear gradient of imielazo
(10 mM to 500 mM) in Buffer BFractions containing the highest gbfractions were analyzed
by SDSPAGE, pooled, and diyzed against Buffe€ (50 mM Hepes (pH 8.0), 100 mM KClI, 1
mM TCEP, and 15 % gberol) followed by storage a20 jC. For coupled enzyme assays, N
terminal hexahistidingaggedE. coli EntC and EntB were overexpressed and purified similar to

the approach described above.



Circular dichroism spectroscopy

FarUV CD spectraf purified EntA andEntA variantproteinswerecollectedon aJasco B15
circular dichroisnspectroplarimeterover the range 26260 nmin 0.2cm pathlength
rectangular cell. Proteins wed@lysednto Buffer D (Tris (pH 8.0, adjusted using,80Oy), 0.5
mM TCEP,100 mM NaC]J and 15% glycerol) and then diluteda@oncentration d uM in the
same buffer. Spectra were recorded af@0yaveragingive wavelength scans (1 nm
bandwidth)n 0.2nm steps at a rate of 100 nm/min, and 0.25 sec respgemsthermal stability
experiments, ellipticities at 222 nm were monitobetweer20 °C and 65°C (rate of
temperature changeG:25°C min') using alasco B15 CDspectropolarimetewith a
temperatureontrolled cell holder. Thermal denaturation data were used to determine the
fraction of protein folded at each temperature point by asgighie ellipticity values at 222 nm
collected at 20C as 100% folded protein (fraction folded = 1.0), and assigning the 222 nm
ellipticity values collected at 6% as 100% unfolded protein (fraction folded = 0.0).
NearUV CD spectra of EntA wildype orEntA Q64A variant proteing20#M), EntE (20#M),
and equimolamixtures of EntE with wildtype EntA or EntAvariantwerecollected on a Jasco
J-710 CD spectropolarimeterer the range 25820 nmusing a Icm pathlengthrectangular
cell. To obtain spectra of EntA wHtype orQ64A variantn the presence of EntE, the EntE
nearUV CD spectrum was subtracted from those of corresponding mixture spectiaedtiis
were recorded at 2 byaveraginghreewavelength scans (1 nm bandwidthp.2-nm steps at
ascan speedf 20 nm/minwith a2-seondresponséime. All spectra of protein solutions were

corrected for contributions of buffer components in the absence of protein.



Coupled enzyme activity assay

Activities of purified wildtypeand variant EntA Q64A proteins were assayed in the presence of
purified EntB and EntC, which were used to enzymatically convert chorismate to the EntA
substrate 2;8lihydro-2,3-dihydroxybenzoateEntA activity was measured
spectrophotometricallpy following the reduction of NADto NADH at 340 nmReaction
mixtures (total volume 1 mL) containdéd*M EntA, 10#M EntC, 10#M EntB, 50 mM Tris(pH
7.5, 50 mM NacCl, 10 mM MgGl and 30QuM chorismateFor steadystate kinetics assays,
NAD" concentrations were varied between 1 mM and 5 Ré#ctions were initiateoly adding
chorismate to the reaction mixtysee-equilibrated at 37C. Activities were measured at 32

as the linear increase [NADH] over a timeperiod of one minute. NADH cwentrations were
calculated using the molar extinction coefficient for NADH at 340 nm (6,22@"). Al
assays were performadtriplicate, and the data were fit to the Michadllenten steadgtate

kinetics model using Kaleidagragtb (Synergy Soitare)

Analytical ultracentrifugation

Sedimentation velocity experimemntgreperformedn a Beckman XL analytical

ultracentrifuge with a fouplace Anr60Ti rotor.Wild-type EntA andEntA Q64A variant

proteinswere dialyzed into BuffeD (50 mM Tris buffer (pH 8.0)150 mM NacCl and 0.5 mM

TCEP) ancadjusted to final concentration$2 #M or 20 #M by dilution with Buffer D

Samples were centrifuged at 40,000 rpm for approximately 10 h at 20 jC; for each run a total of
250 absorbance scawere collected in which optical density at 280 nm was measured. Data
were analyzed by fitting to th&s*) distribution usinghe computer program DCDT+ (v2.2.1)

[17]. Approximately20 scas wereselectedrom each rurof 250 scan$or analysis.



Results and Discussion

Identification of an EntE-Interacting Region on the Surface of EntA

We employedphage display talentify residues occurring at the EREEtE proteinnteraction
interface. The Ph.B12™ phage displayandompeptide library was used panagainsipure,
immobilizedEntE to obtain a set ainique EntEbinding peptide sequencester three
successive rounds of panning we obtaidédiniquedodecaner peptidesequences isolated from
phage particles that specifically bound to Erfiable 1). Tlese peptides were used as infaurt
theRELIC servemprogram RELIGMATCH [15]. Bioinformatic analysis of the peptide sequences
usingRELIC-MATCH identified a subset of the 4peptide set that aligned aslasterto EntA
primaryamino acid sguencebetween residues 6L (Fig. 1A). Such a clustémng of peptides
indicates a high probabilithhatthe correspondingegion of the EntA primargequences found
atthe EntAENtE interaction interfac&xamination of théntA crystal structureRDB code:
2FWM) revealed thathese residuesccuron the EntA surfaceat the exterior face @ntA helix

I 4 (Fig. 1B, red shading Helix ! 4 consists of four turnand on chain B is withiapproximately
10 « of the chain D 5 (D-! 5) at the BD dimerizaton interfacgFig. 1C) The A-chain! 4 helix
is similarly positioned relative to-C5 at the AC interface Within the boundaries of the cluster
defined by our phage display results, the residues oriented totlarsislveriexposed surface
are found on three turns b#l: A60, Q64, A8 (Fig. 1A, asteriskls At the centerof this region is
Q64, a bulky hydrogen bond donor. Immediately adjace@i6# is the charged residue R65;

this residuas unlikely to participate in the EntEntE interacthn interface since the EntA
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crystal structure indicates that the R65 sitiain is oriented away from the solveniposed face

of EntA 4, such that it forms aimtrachainionic interaction withEntA E49.

Expression purification and structural characterizatiorof EntA Q64A

Guided by ouphage displaputcomeswe used sitedirected mutagenesis ¢eneratea Gluto-
Ala mutationat EntA position64 in order todetermine the role of Q6a EntA-EntE complex
formationand EntAoligomerizationWe overexpresseintA Q64A variantproteinwith
purified the variant protein toear (~ 90%homogeneity SDSPAGE analysi®f purified wild-
type and varianEntA proteins indicated th&64A had a subunitmolecularmasssimilar to
wild-type EntA(28 kD3 (data not shown)Ne performed biophysical experiments to test the
structural integrity opurified recombinant Q64A variant proteiRar-UV CD spectra showed
thatwild-type EntA in solution hasnajor ellipticity minima at 208m and 222 nn{Fig. 2A,
solidline) consistent with the significant helical content in this protein as revealed byaig X
crystallographic structur@DB code: 2FWM)Thefar-UV CD spectrum of Q64AFig. 2A,
dashedine) wasfound to benearly superimpsable with wildtype EntA, indicating no
significant change in secondary structié further tested thEntA Q64A varianby
measuring changes in ellipticity at 222 asia function of increasing temperaturiee thermal
denaturation curvef EntA Q64Awasobserved tde similar to that oWild-type EntA(Fig. 2B,
dashed ling indicatingthat the overall fold 0Q64A wassimilar tothat ofwild-type EntA (Fig.

2B, solid line)

11



The Q64Avariant is not enzymatically impaired

We employed a coupleenzyme assay to determirighe enzymatic activityof the Q64A variant
was comparable wild-type EntA. MichaelisMenten kinetic analysis revealed that the Q64A
variant had similar apparent}and k,;values(denoted k' and ka, respectivelyrompaed to
wild-type EntA(Table 9. Both enzymes exhibited Kvalues for NAD in the low millimolar
range,and hadsimilar apparenturnover numbers. In terms of overall catalytic efficiency
(Keat/Km'), wild-type and Q64A variardre within a twefold difference of each othefhe

retention of catalytic activity by EntA Q64A is consistent with the comparable thermal melting
behavior that we observed for both the wijge and variant proteindemonstratingimilar

overall foldingof the monomer subussit

EntA residue GIn64 is required for efficient interaction with EntE

To experimentally verify our phage display outcomesjnvestigated theffectof the Q64A
mutationon EntAEntE complex formationNe employednearUV CD spectroscopic
perturbatiorassaythat wepreviouslyusedto investigate the EntEntB inteiction [8]. NearUV
circulardichroism spectraverecollectedfor wild-type EntA andthe Q64Avariantprotein
following mixturewith anequimolarconcentration opurified EntE.A nearUV CD spectum of
pure EntE was also collectexhdEntE spectral contributiongere thersubtractedrom the
protein mixturespectraComparison of the subtracted spectra with those of EntA or Q64A in the
absence of EntE revealednformatioml alterationsof aromaticchromophore¢Phe, Trp, Tyr)
occurringuponprotein complex formatiarsing this approach, we observatipticity
increassin the neatUV spectum (250-320 nm) ofwild-type EntA upon mixturewith EntE

(Fig. 3A), corresponding to perturbations in the conformations of Emofaticchromophore

12



residuesiue to the presence BhtE.The EntEperturbed spectrumf wild-type EntA showed
maximal signal differences around 270 nm and 290aamesponding to perturbatiomsthe
environments of Phe and Trp residies. The spectral changes observed for wijghe EntA
may be due to either direct perturbation of surface chromophores, and/or to indirect
conformational rearrangemergscurring upon protein complexatidnis notable that EntA !5
has threaromaticresidues sharing the same surface as GliT§496, Phe 100, Phe 108 (Fig.
1B, greenshaded surfageln contrast to the wildype enzyme, weid not observan alteration
in the neatUV spectrum of th&ntA variart Q64A in the presence of EntE, indicatimg EntE
induced conformational chang@sg. 3B). The insensitivity of th€64A variantto the presence
of EntEdemonstratethat EntA residue GIn 64 hasdirectinvolvement in formation of the
EntA-EntE complexn vitro. Although it is not possibléom this assayo determine if the Q64A
mutation completehabolisheghe EntAENtE interaction, our data clearly shdvat residue 64

is necessary fagfficient EntA-EntE complex formation

EntA residue GIn64 isequired for tetramerization

Given the proximity of EntA 4 to the BD dimerinterface, we were interestedinvestigating
oligomerization behavior of the EntA Q64A variavte performed sedimentation velocAyJC
experiments on wildype EntA and the Q@&4variant at low (M) and high (20uM)
concentrations at which witype EntA was predicted to be found as dimers and tetramers,
respectively. At a protein concentration giid (Fig. 4A), g(s*) profiles of our sedimentation
velocity data show that both wiliype EntA and Q64A occur predominantly as diméAtsa
protein concentration of 20M, wild-type EntA(Fig. 4B, black circlespccurs predominantly as

tetramer, consistent with our previbyisepored observationsvhereas the Q64A varia(fig.

13



4B, grey squaresediments at a value intermediate between dimer and tetramer, indicating that
the equilibrium position for this variant has been shifted towadisieric speciesThe EntA X
ray crystallographic structure reveals tl@h64 participates in a hydrogen bond netw(dtig.
1C) involving !4 and !5 of one chain (B or A) antb of the interacting chain (D or C,
respectively)n thedimer. Within this network, GIn64 forms a hydrogen bamith GIn113 on
the same chain, thus orienting!Bto interact with B!5 via hydrogen bonds and weak
electrostatic interaction$he Q64A mutationvould affect positioningdf B-!5 relative toD-!5,
thus disrupting the-fielix bundle required fdiormationof the higheraffinity dimers (BD, A-
C; 1,322 A?). Such a disruptiomould result inmeducedetramerization witltorresponding
enrichmenof the weakesffinity dimers (AB, C-D; 995A?), consistent with our AUC
observationAlthough removal of the Gleide chain at position 64 walibe consistent with
disruption of the higheaffinity (and thudikely the more physiologically relevantlimer,our
outcomes reported hes&rongly supporour previouy reportedobservation that optimal EntA
EntE interacon requires EntA in the tetrameric fareamdwe now haveidentifieda key residue

required forboth EntA tetramerizatiorandEntA-EntE interaction
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Table 1. EntE-binding peptides obtained by

phage display.

ADANRHSTLRER
ADANRRSTLRER
ADSRRALLAQRA
ADSWRALLAQRA
ASPWHQLLAERR
ATSWKEMLAERQ
DSPPIFDATLPK
DWREILGARSQV
EHVLWQQLLTSR
ENWRLTLLQRNG
GGLHWTEILRSR
GGVHWSEILSYR
GRLQQHEIFRSG
KTPWQEMLASRI
PPMWADMLLARS
SCKQVLEHRQGM
SIDGRSIISSRN
SLDWTELLRLRT
SMPQWQELLKVR
SPLWQDIILTRS
SPTYHSSTGLND
SSPSWRDVLLSR
STGDWREILRNR
TDWRTQLHLRQG

TPLWQHLLSGRA
TPPWVTVLLSRQ
TPQWQQLLSFRC
TPSWATLLAQRA
TYRMDIMSIKTV
WHDITSLRQYSF
TPWEEVLLSRLR
DPVWVNILTSRQ
AQWQETLSERAR
KCCYYDHSHALS
HSLRSDWPLRPG
ELTGWRLLLAQR
KVVDLYSGWNRS
HVLWQHVVDLCR
GPFLPLTSLHWR
NWRETMGVRSQ'
SDWTHVLSQRAL
KIYDLSLLHPST
QPAWQQTLINRS
SWMETLRTRNMS
SLSNYQIAGNGL
TVSWQALLEMRG
TPAWQATLLGRQ
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Table 2. Wild-type and variant EntA proteinsteadystate
enzyme kinetics.

Km! b kcal, kcat ’/Km '
Protein (uM) (min™) (mint uM™)
x10°
wild-type EntA 2370+ 740 73.5+10.1 3.1
Q64A 1960+ 540 39.5+ 4.4 2.0

“ Apparent kinetic parameters determined from coupled enzyn
assay (see Methods). Data were fit to the Michddésiten
steadystate kinetic model. Mean values= 3) of kinetic
parameters are reported, along with stanéarksof thefit.

> ApparentX,, for NAD" substrate.
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Figure Legends

Figure 1: Identification of EntE-interacting residues on EntA.

(A) RELIC-MATCH output showing alignmentf phagederived EntEbinding dodecapeptide
sequenceto the primary sequence di. coli EntA. Residues shaded in black indicate positions

of sequence identity. Residues shaded in grey indicate positions of sequence similarity. Asterisks
indicate residuesn helix! 4 with similar sidechain orientationsThe boundaries of helix !4 are
indicated bya solid line. (B) Xray crystallographic structure of the EntAonomersubunit

(PDB code: EWM) shown as a cartoon withsemitransparent molecular surfacehelEntE
interactingsurfaceidentified by phage displagorresponding to !4s colaed red.The surface of

the adjacent !5 helix is colored greedvromatic chromophore residues &mtA !5 sharing the

same surface as Q64 and A68 are shaded in gfgpme was generated using Pymol.

(C) Cartoon representation of EntA tetramer structure (PDB c2i@@/M) zoomed in on the
interface between B and D chains. Secondary structure elements and carbon atoms
corresponding to EntA tertiary structure subunits are colored as followkaiB = cyan; B

chain = yellow. The coordinates of the sil@in oxygen anditrogen atoms on 113 were
swapped relative to the PDB coordinates to reflect i@@tion around G&€%. Dotted lines with

numbers represent interatomic distances in engstrom units. Figure was generated using Pymol.

Figure 2: Far-UV circular dichroism of EntA wild-type and variant proteins.

(A) FarUV spectra of EntA wiletype and variant proteinsollectedat 20°C. EntA wild-type

(solid line), and Q64A (dashedine). (B) Thermal denaturation of EntA wHtype and variant
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proteins. Relativeellipticities measured at 222 nare represented as fraction foldexer

temperature range showEntA wild-type 6olid ling), Q64A dashedine).

Figure 3: Near-UV spectra of EntA wild-type and variant proteins in the presence or

absence of EntE.

NearUV CD spectra were collectext 20°C for each EntA protein sample (wilgipe or variant)

and then compared to the spectrum of that protein when mixed with an equimolar concentration
of EntE after suliractionof the contribution of EntE to the spectrufA) wild-type EntA (black
circles),wild-type EntA in the presence of EntE (white circles); (B) Q64A (black circles), Q64A

in the presence of EntE (white circles)

Figure 4. Sedimentation velocity analytical ultracentrifugation of wild-type EntA and

QO64A variant.

Purified protein samples were centrifuged at 40,000 fi@mp = 20°C) in a Beckman XE

analytical ultracentrifugeSedimentation boundaries were analyzsthg DCDT+ and shown
here as (s*) plots. @) Wild-type EntA (blackcircleg and Q64A variant (gregquarep at low
concentration (2uM); (B) Wild-type EntA (blackcircle9 and Q64A variant (gregquare} at

high concentration (20M);
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Figure 3.
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Figure 4.
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