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Abstract: Pseudomonas aeruginosa is an opportunistic bacterial pathogen and a primary cause of

nosocomial infection in humans. The rate of antibiotic resistance in P. aeruginosa is increasing

worldwide leading to an unmet need for discovery of new chemical compounds distinctly different
from present antimicrobials. Protein synthesis is an essential metabolic process and a validated

target for the development of new antibiotics. Initiation factor 1 from P. aeruginosa (Pa-IF1) is the

smallest of the three initiation factors that act to establish the 30S initiation complex during initia-
tion of protein biosynthesis. Here we report the characterization and solution NMR structure of Pa-

IF1. Pa-IF1 consists of a five-stranded b-sheet with an unusual extended b-strand at the C-terminus

and one short a-helix arranged in the sequential order b1-b2-b3-a1-b4-b5. The structure adopts a
typical b-barrel fold and contains an oligomer-binding motif. A cluster of basic residues (K39, R41,

K42, K64, R66, R70, and R72) located on the surface of strands b4 and b5 near the short a-helix

may compose the binding interface with the 30S subunit.
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Introduction

Pseudomonas aeruginosa is a ubiquitous Gram-

negative bacterium that is capable of surviving in a

broad range of natural environments due to its large

metabolic versatility and flexibility. It is an impor-

tant opportunistic pathogen and a causative agent of

both severe acute infections and chronic infections.1

Recently, multi-drug resistance developed by P.

aeruginosa strains has become a serious problem.2

The rate of antibiotic resistance in P. aeruginosa is

increasing worldwide and this has created the need

for new compounds that inhibit growth of the bacte-

ria with a substantially different mode of action and

range of molecular targets than current antibiotics.

Protein synthesis is an essential metabolic pro-

cess and a validated target for the development of

antibiotics.3 Protein synthesis involves four consecu-

tive phases—initiation, elongation, termination, and

ribosome recycling. Of these phases, initiation of

translation is the rate limiting and most highly reg-

ulated phase.4 This critical step involves the forma-

tion of the 30S initiation complex (30S IC) and

requires the three initiation factors: IF1, IF2, and
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IF3. Prokaryotic protein synthesis in Escherichia

coli (E. coli) has been well studied and recently the

cryo-EM structure and real-time assembly land-

scape of the 30S IC have been determined.5–8 To

adapt this to drug discovery of new antimicrobial

agents, atomic-level structural information will be

required for the design and improvement of small-

molecular inhibitors based on structure-activity

relationship.

IF1 is the smallest of the three initiation fac-

tors and plays an important role in the initiation

of protein synthesis by binding at the A-site of the

30S ribosomal subunit thereby preventing the ini-

tiator tRNA from binding at that site.9 Several

structures of bacterial IF1 in free form or bound to

the 30S subunit have been reported including: E

coli (PDB ID 1AH9),7 Mycobacterium tuberculosis

(PDB ID 3I4O),8 and Thermus thermophilus (PDB

ID 1HR0).9 These structures are highly similar

with respect to the oligonucleotide/oligosaccharide

binding fold (OB fold); however, there are signifi-

cant differences of the structure in the C-terminal

region [Fig. 1(A)]. Several amino acids, especially

Arg70 at the C-terminal end of IF1 from E. coli

were identified as being critical for IF1 functionali-

ty.7 However, these results are inconsistent with

the crystal structure of IF1 bound to the 30S ribo-

somal subunit from Thermus thermophilus (PDB

ID 1HR0). In this structure, the equivalent residue

makes no direct contact with the 30S subunit, sug-

gesting that IF1 from different species may exhibit

distinct interaction with the 30S ribosomal subu-

nit. In this study, we report the solution NMR

structure of P. aeruginosa IF1 (Pa-IF1) at pH 5.1.

We analyzed the conformational changes of

P. aeruginosa IF1 in comparison with other bacte-

rial IF1 structures, and propose the functional

roles of conserved surface residues including the

C-terminal end, which was disordered in the

homologous structure.

Figure 1. (A) Alignment (Clustal Omega) of the primary sequence of Pa-IF1 with those of other bacterial homologs from: E. coli

(PDB 1AH9), M. tuberculosis (PDB 3I4O), S. pneumoniae (PDB 4QL5), B. thailandensis (PDB 2N3S), T. thermophilus (PDB

1HR0). Secondary structural elements, highlighted in gray, were derived from the PDB structures. The secondary structure ele-

ments of Pa-IF1 are indicated schematically above the sequence. (B) Overlay of Pa-IF1 (secondary structures in blue) and IF1

from E. coli (PDB 1AH9, secondary structures in yellow).
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Results and Discussion

P. aeruginosa IF1 expression and enzymatic

characterization
The gene (infA) encoding IF1 from P. aeruginosa

was cloned and fused to a downstream region encod-

ing a hexahistidine tag. Over-expression of this con-

struct yielded a small protein with a C-terminal

hexahistidine tag with a molecular mass of 9.4 kDa.

The resulting protein was expressed and purified to

greater than 98% homogeneity. IF1 binds to the A

site of the small subunit of the ribosome during ini-

tiation of protein synthesis preventing the initiator

tRNA from binding that site, thus facilitating the

formation of the 30S initiation complex. IF1 also

aids in pre-mature formation of the 70S ribosome by

preventing the binding of the 50S ribosomal subunit

to the 30S initiation complex.4,9,10 We hypothesized

that we could use the P. aeruginosa aminoacylation/

translation (A/T) assay11,12 to detect the ability of

Pa-IF1 in preventing association of the ribosomal

subunits and, therefore, inhibit poly-Phe synthesis.

When IF1 was titrated into the A/T assay alone, a

modest inhibition of poly-Phe synthesis was

observed [Fig. 2(A)]; however, when IF1 was titrated

into the assay in the presence of 10 lM P. aerugi-

nosa IF3 (previously purified in our laboratory), a

robust inhibition of poly-Phe synthesis resulted [Fig.

2(B)]. At lower concentrations (1, 2.5, 5, and 10 lM)

of IF1 alone, the poly-Phe product was slightly

increased, which is consistent with previous results

in which the initiation factors stimulate protein syn-

thesis at low concentrations.13 However, as the IF1

concentration was increased, poly-Phe synthesis

decreased providing clear evidence that our hypothe-

sis was correct and confirmed that IF1 was isolated

in an active form. As can be seen in Figure 2(A,B),

in the absence of IF1, poly-Phe synthesis is lower in

the presence of IF3 than when IF3 is not present.

This is accounted for by the fact that at 10 lM IF3

also functions in the prevention of the formation of

the 70s ribosome from its individual subunits during

initiation of protein synthesis14,15 thus reducing

poly-Phe synthesis and as shown here IF1 enhances

this activity.

NMR-derived structure of Pa-IF1

The 1H-15N heteronuclear single quantum correla-

tion (HSQC) NMR spectrum of Pa-IF1 exhibited

characteristics of a well-folded protein.16 The spec-

trum was highly dispersed, and exhibited the

expected number of backbone amide NMR cross

peaks with uniform intensities and narrow peak

shapes, indicating that the protein is monomeric,

and adopts a stable three-dimensional structure.
15N-NMR relaxation analysis (R1 and R2) of Pa-IF1

indicates an average rotational correlation time of

�5.8 ns (Fig. 3) and molecular weight of �9 kDa,

suggesting that Pa-IF1 forms a monomer under

NMR conditions. NMR chemical shift assignments

for Pa-IF1 were described previously16 (BMRB no.

Figure 2. Characterization of P. aeruginosa IF1. (A) P. aeruginosa IF1 functions alone in the P. aeruginosa A/T assay to prevent

formation of 70s ribosomes and, therefore, decreases poly-Phe synthesis; (B) IF1 enhances the inhibition of the formation of

70S ribosomes in the presence of 10 lM P. aeruginosa IF3.

Figure 3. The NMR longitudinal relaxation (T1) and transverse

relaxation (T2) of the residue-specific backbone amide 15N of

Pa-IF1 at 298 K. The secondary structure elements are indi-

cated schematically at the top of the figure.
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26649). These assignments served as a basis for col-

lecting nuclear Overhauser effect (NOE) distances,

hydrogen-bonds, and dihedral angle restraints from

the NMR experimental data used for the atomic-

resolution structure calculation as described in the

Methods section. Structural statistics for the 15 low-

est energy conformers (Protein Data Bank accession

no. 2N78) are summarized in Table I. The calculated

structures were validated using PROCHECK, which

shows that 99.0% of the residues belong to the most

favorable/allowed region in the Ramachandran plot.

The final NMR-derived structures of Pa-IF1 are

illustrated in Figure 4 and summarized in Table I.

The 15 lowest energy conformers when superim-

posed have an overall main chain root mean square

deviation (RMSD) of 0.3 Å [Fig. 4(A)]. The first six

residues of the N-terminal end exhibit random-coil

chemical shifts suggesting this region is disordered.

However, the residues at the C-terminal end are

well-defined and less flexible as supported by 15N-

{1H} heteroNOEs.16 The solution structure of Pa-IF1

consists of five-stranded b-sheet and one a-helix: b1

(residues 7–16), b2 (residues 21–26), b3 (residues

30–35), a1 (residues 38–43), b4 (residues 50–58), b5

(residues 64–70) [Fig. 4(B)]. The five strands are

arranged in the sequential order b1-b2-b3-a1-b4-b5

as a b-barrel and oriented anti-parallel, except

strands b3 and b5. While most of the turns between

strands seem well defined as shown in Figure 4, the

region connecting strands b3 and b4 (residues 36–

49) appears to have considerable flexibility and con-

tains a short a-helix (residues 38–43) as derived

from medium-range NOEs supported by 15N-{1H}

heteroNOEs.16 The compact b-barrel is covered on

one side by a long flexible loop. The Pa-IF1 adopts

the expected OB fold indicative of its binding to the

30S ribosomal subunit.17

Surface properties of Pa-IF1

An electrostatic potential surface of Pa-IF1 [Fig.

4(C)] reveals that a surface composed of strands b4

and b5 located near the short a-helix is rich in basic

residues (Arg and Lys), including K39, R41, K42,

K64, R66, R70, and R72; while the other side is rich

in acidic residues (Glu and Asp), such as E8, D15,

E25, E27, and D51. We propose that the positively

charged protein surface in Figure 4(C) may make

contact with the 30S ribosomal subunit during bind-

ing. Indeed, these residues are conserved (K39, R41,

R66, R70) or highly similar (K64 and R72) in all bac-

terial IF1 proteins, and have been shown to be

involved in binding to the 30S ribosomal subunit in

the crystal structure of IF1 from Thermus

thermophilus.9

Structural comparison of bacterial IF1 proteins
There are several crystal or NMR structures of bac-

terial IF1 proteins available in the Protein Data

Bank (http://www.pdb.org). Figure 1(A) shows the

structure based sequence alignment of the known

Table I. Structure Calculation Statistics of NMR-
Derived Structures of Pa-IF1

NOE restraints (total) 620
Intra (i – j 5 0) 294
Medium (1� i – j�4) 180
Long (i – j>4) 146

Dihedral angle restraints
(u and w)

122

Hydrogen bond restraints
in b–strand regions

29

RMSD from ideal geometry
Bond length (Å) 0.0099 6 0.00018
Bond angles (deg) 2.02 6 0.0122

Ramachandran plot
Most favored region (%) 69.5
Allowed region (%) 29.5
Disallowed region (%) 1.0

RMSD from average structure
b-barrel regions

(main chain) (Å)
0.3 6 0.089

b-barrel regions
(non-hydrogen) (Å)

1.02 6 0.10

Figure 4. NMR-derived Structures of Pa-IF1. (A) Superposi-

tion of main chain atoms of 15-lowest-energy conformers

with an RMSD of 0.3 Å (main chain atoms). The first six N-

terminal residues are not folded in the structure. (B) Ribbon

representation of the energy-minimized average main chain

structure with secondary structures labeled (a-helix: orange;

b strands: blue). (C) Surface presentation of the electrostatic

potential (61 kT/e) generated using the Adaptive Poisson-

Boltzmann Equation (APBS) plugin in PyMOL with ionic

strength 0.15 M and views at 908 and 1808 rotation around

the longitudinal axis. Red and blue colored regions denote

negative and positive charges, respectively.
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representatives of bacterial IF1. All of the IF1 homo-

logs consist of five b-strands and one short a helix

arranged as a compact b-barrel, and adopt an OB

fold, indicating similar in vivo function. The amino

acid sequence of Pa-IF1 is most similar to that of E.

coli (86% identity) but also similar to that of M.

tuberculosis (69%), S. pneumoniae (68%), B. thailan-

densis (67%), and T. thermophilus (56%). The main

differences observed in the sequence alignments

were in the non-conserved residues at the N- and C-

terminal regions. Pa-IF1 has an extended b-strand

at the C-terminus (b5), which is considerably rigid

as indicated by 15N-{1H} heteroNOEs.16 This is not

the case for IF1 from E. coli which has a more flexi-

ble C-terminal end as shown in Figure 1(B). Inter-

estingly, the Pa-IF1 C-terminus region is more

similar to that of the more recently solved structure

of S. pneumoniae IF1 (PDB 4QL5) in sequence and

structure although they share less sequence identity

(68%). The residues at the C-terminal end (e.g., R70)

have previously been shown to be critical for IF1

functionality.18 The structural differences suggest

that IF1 from different species may exhibit distinct

interaction with their cognate 30S ribosomal

subunit.

Methods

Materials
Oligonucleotides were from Integrated DNA Technol-

ogies (Coralville, IA). All other chemicals were

obtained from Fisher Scientific (Pittsburg, PA). DNA

sequencing was by Functional Bioscience (Madison,

WI). Radioactive isotopes were from PerkinElmer

(Waltham, MA).

Preparation of P. aeruginosa IF1

The gene encoding IF1 was amplified by PCR (Bio-

Rad MJ Mini Thermo Cycler) from P. aeruginosa

PAO1 (ATCC 47085) genomic DNA using the for-

ward primer (50-ttccgctagcaaagaagacagcttcgaaatgg-

30) which added an NheI restriction site to the 50 end

of the gene and the reverse primer (50-taatctc-

gaggcgggcgcggtaggt-30) which added an XhoI restric-

tion site to the 30 end of the gene. The PCR product

was inserted into a pET-24b(1) plasmid (Novagen)

digested with NheI/XhoI placing the gene upstream

of a sequence encoding six histidine residues. The

recombinant plasmid was subsequently transformed

into Rosetta 2(DE3) competent cells (Novagen).

To produce IF1 for use in structural studies, 15N-

labeled or 13C/15N-labeled Pa-IF1 was prepared using

the high cell density method.19 The protein was con-

centrated and the buffer was changed to 100 mM

KCl and 20 mM KH2PO4 (pH 5.1) using Amicon

Ultra-15 Centrifugal Filters (EMD Millipore).

To prepare IF1 for functional studies, the bacte-

rial was grown using Terrific Broth, harvested and

Fraction 1 lysate was prepared and the protein iso-

lated as described.20 P. aeruginosa IF1 was initially

purified by precipitation between 30% and 70% satu-

rated ammonium sulfate and further purified using

nickel-nitrilotriacetic acid affinity chromatography

(Perfect Pro, 5 Prime). The protein was then dia-

lyzed (two times) against a buffer containing 20 mM

Hepes-KOH (pH 7.0), 40 mM KCl, 1 mM MgCl2,

0.1 mM EDTA, 10% glycerol, aliquoted, and fast fro-

zen in liquid nitrogen and stored at 2808C.

P. aeruginosa IF1 assays

IF1 was analyzed for its ability to inhibit poly-Phe

synthesis in the P. aeruginosa A/T assays by pre-

venting association of the ribosomal subunits. In

addition to the A/T assay components, the reactions

contained IF1 at varying concentrations (0, 1, 2.5, 5,

10, 20, 40, 60, 80, and 100 lM) in the presence or

absence of IF3 (10 lM). The reactions (50 lL) were

carried out in 96 well microtiter plates (Costar) at

ambient temperature for 60 min. Reactions were

stopped by the addition of 5 lL of 0.5 M EDTA and

analyzed using scintillation proximity assay

technology.21

NMR spectroscopy
NMR samples of Pa-IF1 (�1.0 mM, unlabeled, 15N-

or 15N/13C-labeled) were prepared in 90%/10% H2O/

D2O or 100% D2O with 20 mM phosphate (pH 5.1),

100 mM KCl. A D2O-exchanged sample was pre-

pared for H-D exchange experiments by freezing the

Pa-IF1 sample followed by lyophilization and resus-

pension in 99.9% D2O. All NMR experiments were

performed at 298 K on a Bruker AVANCE III Ultra-

shield Plus 600 MHz spectrometer equipped with a

double resonance broad band room-temperature

probe (BBO), or a Bruker AVANCE 700 MHz or 600

MHz spectrometer both equipped with a four chan-

nel interface and triple resonance cryogenic probe

(TXI) with triple-axis (X,Y,Z) pulsed field gradients.

Backbone and side-chain NMR chemical shift

assignments were obtained by analyzing the follow-

ing spectra: HNCACB, CBCA(CO)NH, HNCO,

HBHA(CO)NH, and 15N-HSQC-TOCSY (mixing time

of 60 ms) spectra. The additional side-chain aliphatic
1H and 13C resonances were assigned using 13C-CT-

HSQC, 13C-HCCH-TOCSY, and CCH-TOCSY spec-

tra. For aromatic side-chain chemical shift assign-

ments, 13C-CT-HSQC-TOCSY, 13C-HSQC-NOESY

(mixing time of 120 ms) spectra along with 2D
1H-1H NOESY (mixing time of 100 ms), and TOCSY

(mixing time of 100 ms), were used. Stereospecific

assignments of chiral methyl groups of valine and

leucine were obtained by analyzing 1H-13C HSQC

experiments performed on a sample that contained

10% 13C labeling of IF1.22 For 15N relaxation experi-

ments, the longitudinal magnetization (T1) decay

was recorded at six different times: 0.00, 0.10, 0.25,
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0.50, 1.00, and 2.00 s. The transverse magnetization

(T2) decay was recorded with eight different delays:

0.000, 0.008, 0.016, 0.032, 0.048, 0.080, 0.120, and

0.200 s. To check the sample stability the transverse

magnetization decay at 0.016 s was verified to be

unchanged before and after each set of measure-

ments of both 15N T1 and T2 experiments. The T1

and T2 data were fitted to a single exponential decay

function, I 5 I0e2t/Td, in which I is the signal intensi-

ty at time t, I0 is the intensity at t 5 0, and Td is the

decay constant T1 and T2, respectively. The NMR

data were processed using NMRPipe (http://spin.

niddk.nih.gov/NMRPipe/) and analyzed using

Sparky (University of California, San Francisco).

NMR structural calculation
NOE-based inter-proton distance restraints were col-

lected through analysis of NOESY data. The NMR-

derived distance, hydrogen bond distance and dihe-

dral angles (/ and u) generated by TALOS then

served as restraints (see Table I) for calculating the

three dimensional structure of Pa-IF1 using distance

geometry and restrained molecular dynamics. Struc-

ture calculations were performed by Xplor-NIH 2.38

using a simulated annealing protocol.23 A total of

620 inter-proton distance restraints were obtained

by analysis of 15N-edited and 13C-edited 3D NOESY-

HSQC and 2D 1H-1H NOESY spectra. In addition to

the NOE-derived distance restraints, the following

additional restraints were included in the structure

calculation: 122 dihedral angle restraints (u and w);

29 hydrogen bonds verified by identifying slowly

exchanging amide protons in hydrogen-deuterium

exchange experiments. Fifty independent structures

were calculated, and after refinement, the 15 struc-

tures of lowest energy were selected and analyzed.

The average total and experimental distance energy

were 1883 6 21 and 215 kcal mol21. The average

root-mean-square deviation from an idealized geome-

try for bonds and angles were 0.0099 Å and 2.028.

The NMR-derived structures of Pa-IF1 were

assessed by PRO-CHECK. The final NMR ensemble

of 15 structures with the lowest energy has been

deposited in the RCSB Protein Data Bank (PDB ID

2N78).
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