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INTRODUCTION

The 113-residue protein from the open reading frame
ytfP of Escherichia coli [SWISS-PROT ID: YTFP_ECOLI;
NESG target ID: ER111; referred to hereafter as ytfP] is a
member of the UPF0131 Pfam-A protein domain family
(Pfam identifier: PF03674). E. coli genomics efforts have
established that the ytfP gene shares an operon with two
other open reading frames, ytfM and ytfN, and overexpres-
sion of each of these genes is highly toxic to the cell.l The
largely uncharacterized UPF0131 protein domain family
includes representatives from all three kingdoms, archaea,
eubacteria, and eukaryotes, with over half originating
from bacterial sources. At least one member of this fam-
ily, BtrG from Bacillus circulans (SWISS-PROT ID:
Q9F1Z7_BACCI) is thought to play a critical role in the
biosynthesis of butirosin, a class of aminoglycoside antibi-
otics that features a distinctive (25)-4-amino-2-hydroxybu-
tyrate (AHBA) moiety.z’3 It is thought that BtrG acts in
the final stages of butirosin synthesis by cleaving the y-L-
Glu protecting group to yield the final product.3 The func-
tion of the E. coli homologue ytfP has not yet been charac-
terized, but it probably has similar biochemical function in
antibiotic biosynthesis.

Although pair wise sequence alignments within the
family vary extensively in degree of sequence identity,
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clusters of highly conserved residues are present in the
sequence. A multiple sequence alignment of E. coli ytfP
with a selected subset of UPF0131 protein domains is
shown in Figure 1(A). X-ray crystal structures of
UPF0131 proteins from the archeaon Pyrococcus hori-
koshii (SWISS-PROT ID: Y828_PYRHO; PDB ID: 1V300;
~31% sequence identity with ytfP) and Mus musculus
(SWISS-PROT ID: Q923B0_MOUSE; PDB ID: 1VKBY;
~20% sequence identity with ytfP) have been recently
described. In this article, we present the solution NMR
structure of E. coli ytfP and compare it with these two
recent crystal structures of UPF0131 protein domain
family homologues. This E. coli ytfP structure represents
the first NMR structure from this family, as well as the
first structure of a bacterial representative.
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(A) A subset of the multiple sequence alignment of the entire UPF0131 protein domain family (Pfam release 20.0) aligned using Clustal bis Representatives from
bacteria, archaea, and eukaryotes, indicated by their Swiss-Prot IDs, are listed in black, magenta, and green, respectively. Amino acid residues identical or similar in 67%
of the entire family are shown in red and green, respectively; conserved residues were colored using the BOXSHADE server. The sequence numbering for yftP from E. coli
and the secondary structural elements found in its NMR structure described in this paper (1XHS) are shown above the alignment. (B) Stereoview of the solution structure
of ytfP showing the backbone atom superposition of the final ensemble of 10 conformers representing the solution structure of ytfP; B-strand elements are shown in green,
a-helices are in red. (C) Stereoview of the ribbon repr ion of a repr ive conformer (lowest CNS energy) from the ensemble generated using MOLMOL.” The
secondary structural elements are labeled.




Solution NMR Structure of ytfP from E. coli

MATERIALS AND MIETHODS

Uniformly 13C,'5N-enriched E. coli ytfP was cloned,
expressed, and purified following standard protocols of
the NESG consortium.® Briefly, the full-length yfP gene
from E. coli was cloned into a pET21d (Novagen) deriva-
tive, yielding the plasmid pER111-21. The resulting ytfP
open reading frame contains an additional eight nonna-
tive residues at the C-terminus (LEHHHHHH) of the
protein. E. coli BL21 (DE3) pMGK cells, a rare codon
enhanced strain, were transformed with pER111-21, and
cultured in MJ] minimal medium? containing
(**NH,),S0, and U—13C—glucose as the sole nitrogen and
carbon sources. Initial growth was carried out at 37°C
until the ODgg, of the culture reached ~ 1.0 units, fol-
lowed by induction of protein expression by the addition
of IPTG (isopropyl-B-D-thiogalactopyranoside) at a final
concentration of 1 mM. The cells were harvested after 5
h by centrifugation and lysed by sonication. U-">C,"°N
ytfP was purified in a two step protocol consisting of Ni-
NTA affinity column (Qiagen) and gel filtration column
(HiLoad 26/60 Sephadex 75, Amersham Pharmacia Bio-
tech) chromatography. The final yield of pure protein
(>97% homogeneity by SDS-PAGE; 14.7 kDa by
MALDI-TOF mass spectrometry) was ~21 mg/L. Samples
of U-"’C,">N ytfP for NMR spectroscopy were concen-
trated by ultracentrifugtion to a concentration of 1.3 mM
in 95% H,0/5% D,O or 100% D,O solution containing
20 mM ammonium acetate, 100 mM NaCl, 10 mM DTT,
5 mM CaCl, at pH 5.5. An NMR sample of ytfP with 5%
C and 100% "N labeling for selected experiments (see
below) was prepared and purified in a similar fashion.

All NMR data were collected at 20°C on four-channel
Varian INOVA 500, 600, 750, and 800 MHz NMR spec-
trometers, processed with NMRPipe 2.3,10 and visualized
using SPARKY 3.91.11 Complete 'H, B3¢, and N reso-
nance assignment of E. coli ytfP have been determined
and deposited in the BioMagResDB (BMRB accession
number 6448).12 Stereospecific isopropyl methyl assign-
ments for all Val and Leu residues were deduced from
characteristic cross-peak fine structures in a high resolu-
tion 2D '"H-'>C HSQC spectrum of 5%-"3C, 100%-""N
ytfP.13 Resonance assignments were validated using the
Assignment Validation Suite (AVS) software package.14

NOE distance constraints were derived from 3D '°N-
edited NOESY (1,, = 80 ms), 3D C-edited aliphatic
and aromatic NOESYs (t,, = 80 ms), and 4D *C/"*C-
NOESY in 100% “H,O (t,, = 100 ms). Three-bond
*J(HN-H®) scalar couplings were determined from a 3D
HNHA spectrum of U-">C,""N ytfP.1> Slowly exchanging
backbone amide protons were identified by dissolving ly-
ophilized U-">C,"*N ytfP in 100% *H,O and monitoring
the decay of the 'H-">N HSQC signal over time. "H-""N
heteronuclear NOEs were measured on 5% C, 100%
N-enriched ytfP using a standard gradient sensitivity-
enhanced 2D heteronuclear NOE experiment.16

DOI 10.1002/prot

Structure calculations were performed using the pro-
gram AutoStructure 2.1.0,17’18 interfaced with XPLOR-
NIH 2.0.6.1° The input for the AutoStructure program
consisted of a resonance assignment list, manually edited
peak lists with intensities for the 3D '°N-edited, 3D "°C-
edited, and 4D "’C/">C NOESY spectra, *J(HY-H*) val-
ues, broad ¢, angle constraints (£40° and +£50°,
respectively) derived from chemical shift data using the
program TALOS,20 and slow amide hydrogen exchange
data; TALOS dihedral constraints were used only for resi-
dues with confidence scores of 10. In each AutoStructure
cycle, structure calculations were performed using an
XPLOR-NIH 2.0.6 simulated annealing refinement proto-
col.19 The best 10 of 56 structures (lowest energy) from
the final cycle of AutoStructure were refined by
restrained molecular dynamics in explicit water using
CNS 1.12! based on published procedures.22

The global goodness-of-fit of the final ensemble of
structures with the NOESY peak list data was assessed
using a set of RPF-scores, a formalism based on informa-
tion retrieval statistics.1” Briefly, recall measures the per-
centage of NOESY peaks that are consistent with the
interproton distances in the 3D structure, Precision
measures the percentage of close distance proton pairs
(<5 A) in the 3D structure whose back-calculated
NOESY cross peaks are observed in the NOESY peak
lists, F-measure is the overall performance score calcu-
lated from the Recall and Precision, and Discriminating
Power (DP)-score is a normalized F-measure that reflects
how the query structure is distinguished from the freely-
rotating chain model. In practice, DP-scores and F-meas-
ures greater than 0.7 and 0.9, respectively, indicate good
structure/spectral data quality and accuracy. RPF-scores
for the final ensemble of CNS refined ytfP structures
were calculated against the raw 3D NOESY peak list data
only. Global structure quality factors for the final ensem-
ble of ytfP structures were determined using the PSVS
1.0 software package,23 which outputs Verify3D,24 Prosa
II,25 PROCHECK,26 and MolProbity27 raw and statisti-
cal Z-scores. The final ensemble of structures (excluding
the C-terminal tag whose conformation is not well-
defined by these data) have been deposited in the Protein
Data Bank (PDB ID 1XHS).

RESULTS AND DISCUSSION

E. coli ytfP is comprised of eight § strands (B1, 2-5;
B2, 23-30; B3, 33-37; B4, 42—46; B5, 51-57; 6, 76-83;
B7, 86-93; B8, 101-103) and two « helices (al, 17-20;
a2, 60-70) arranged in a B-o-B-B-B-PB-a-B-B-B topol-
ogy. Stereoimages of the superimposed final ensemble
and ribbon diagram of a representative structure are
shown in Figure 1(B,C), and structural statistics are listed
in Table 1. In the core of the protein, five B-strands (1,
B2, B5, B6, and B7) come together to form an antiparal-
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Table |
Summary of NMR Data and Structural Statistics for E. coli ytfP"

Completeness of resonance assignments®

Backbone 97%
Side chain 91%
Aromatic 90%
Stereospecific methyl 100%
Conformationally-restricting constraints®
Distance constraints
Total 1687
Intra-residue (i = )) 197
Sequential (li- | = 1) 478
Medium range (1 < li—j1 < 5) 257
Long range (Ii = j1 > 5) 755
Distance constraints per residue 14.9
Dihedral angle constraints 21
Hydrogen bond constraints
Total 68
Long range (Ii = j| > 5) 50
Number of constraints per residue 174
Number of long range 7.1

constraints per residue
Residual constraint violations®
Average number of distance violations per structure

0.1-02 A 15
02-05 A 37
>05A 0.6
Average RMS distance 0.02
violation/constraint (A)
Maximum distance violation (A) 1.06
Average number of dihedral angle
violations per structure
1-10° 9.3
>10° 0
Average RMS dihedral angle 0.58
violation/constraint (degree)
Maximum dihedral angle 9.10
violation (degree) i
RMSD from average coordinates (A)°
Backbone atoms 0.7
Heavy atoms 1.2
Ramachandran plot statistics®®
Most favored regions (%) 89.9
Additional allowed regions (%) 10.1
Generously allowed (%) 0.0
Disallowed regions (%) 0.0
Global quality scores® Raw Z-score
Verify3D 0.42 —0.64
Prosall 0.45 —0.83
Procheck(phi-psi) —0.53 -1.77
Procheck(all)® —0.49 -2.90
Molprobity clash 29.67 —3.57
RPF Scores®
Recall 0.96
Precision 0.87
F-measure 0.91
DP-score 0.79

“Structural statistics were comlputed for the ensemble of 10 structures refined in
explicit water using CNS 1.1

®Computed using AVS software'® from the expected number of peaks, excluding:
highly exchangeable protons (N-terminal, Lys, and Arg amino groups, hydroxyls of
Ser, Thr, Tyr), carboxyls of Asp and Glu, nonprotonated aromatic carbons, and the
C-terminal tag.

“Calculated for final ensemble excluding the C-terminal tag using PSVS 1.0 pro-
gram.~” Average distance violations were calculated using the sum over r~°.
9Ordered residue ranges [S(phi) + S(psi) > 1.8]: 1-5, 9-10, 17-18, 23-38, 41-70,
76-85, 88-93, 101-104, 106-108.

°RPF scores!’ reflecting the goodness-of-fit of the final ensemble of structures
(including C-terminal tag) to the NMR data.

14
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lel beta sheet. Interestingly, the region spanning strands
B2 through B5 features a peculiar cross-over point; this
unusual motif is also present in the crystal structures of
the two homologues of E. coli ytfP (see below). One face
of the protein features a large cavity (volume ~2440 A3
and average depth ~9.6 A)28 formed by the central beta
sheet flanked by the two « helices, and capped by strands
B3 and B4. This cavity is rich with basic and hydropho-
bic residues. The electrostatic surface potential diagram?2?
of ytfP [Fig. 2(A)] shows a largely positively charged sur-
face within and lining the cavity. Moreover, a ConSurf
analysis30 reveals that several residues in the cavity are
highly conserved across the UPF0131 protein domain
family, in contrast to the opposite face of the molecule
[Fig. 2(B)]. Taken together, these results strongly suggest
that the face of the protein comprising the cavity plays a
key role in the biochemical function of ytfP.

The solution NMR structure of ytfP is similar to the
recent X-ray crystal structures of two other UPF0131 pro-
tein domain family members, namely the 116-residue
Y828_PYRHO protein from Pyrococcus horikoshii (1V30)0
and the 149-residue Q923B0_MOUSE protein from Mus
musculus (1VKB).” A Dali32 search of the E. coli ytfP
structure against the Protein Data Bank (PDB) reveals very
strong hits for only these two protein structures (Dali Z-
scores: 1V30, 12.2; 1VKB, 9.6; C* RMSDs: 1V30, 2.6 f‘;;
1VKB, 3.0 A), in spite of their moderate to low sequence
identity to ytfP (1V30, 31%; 1VKB, 20%); no other protein
structure in the PDB exhibits a Dali Z score above 2.0.
Ribbon diagrams of the structures of the three homologues
are shown in Figure 2(C). Like E. coli ytfP (1XHS), struc-
tures of both Y828_PYRHO and Q923B0_MOUSE feature
a cavity formed by a five stranded antiparallel B-sheet
flanked by a-helices, two [ strands capping the cleft, and
the crossover between strands 32 through 5. However,
there are minor differences in topology between the three
structures. In Y828_PYRHO, the second helix is split into
two and the C-terminus (including the tag) adopts a heli-
cal conformation. In Q923BO_MOUSE, a short insert
between a1 and B2 folds into a helix, and the final short
B-strand in ytfP is replaced by a short helix, followed by a
much longer unstructured tail. More importantly, the cav-
ities in both Y828_PYRHO and Q923B0_MOUSE do not
possess the positively charged electrostatic surface observed
in the ytfP structure (not shown). Specifically, the two ba-
sic residues in E. coli ytfP, Lys12 and Arg70, are found only
in some gamma proteobacteria, and are nonbasic highly
conserved residues (primarily, Gly at position 12 and Glu
at position 70) in the vast majority of the UPF0131 protein
domain family. Thus, we conclude that while these three
proteins are distant in terms of sequence, they share a
highly unique common fold; we further postulate that spe-
cific amino acid changes in the vicinity of the active site of
these proteins alter their biochemical specificity. While it is
likely that, like the B. circulans homologue, E. coli ytfP

DOI 10.1002/prot
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Figure 2

1XHS
¥YTFP_ECOLI

(A) GRASP?? electrostatic potential surfaces showing the face of ytfP containing the positively charged (blue) cavity (top) and the opposite face of the protein (bottom).

(B) Two ConSu

images of ytfP based on the multiple sequence alignment of the entire UPF0131 protein domain family. Residue coloring, reflecting the degree of

residue conservation over the entire family, ranges from magenta (highly conserved) to cyan (variable). (C) Ribbon diagrams of the pairwise structural alignments of the
solution structure of E. coli ytfP (1XHS; residues 1-113), crystal structure of P. horikoshii Y828 PYRHO (1 v30%; 7-116 plus C-terminal tag), and crystal structure of M.

musculus Q923B0 (1 VKB, ;1-149) using the CE server.

functions in antibiotic biosynthesis, confirmation of its bi-
ological role will require further investigations.

The structure of E. coli ytfP presented here increases
the number of protein sequences that can be homology
modeled with reasonable accuracy, generally considered
to be > ~40% sequence identity and PSI-Blast E value
less than 10~ ' between target and template.33_35 Mod-
eling leverage defined as the total number of protein
sequences in the UniProt database (release 7.6) for which
a portion greater than 50 residues can potentially be
modeled by the ytfP structure, and novel modeling lever-
age, defined as the modeling leverage excluding protein
sequences that could be modeled with structures available
in the PDB on the date that the ytfP structure was de-
posited (9/20/04), were determined as defined else-
where.35 The total and novel leverage values for ytfP are
121 and 11 protein structures, respectively. Moreover,
ytfP provides an additional modeling template for many
of these sequences, which can be used to improve model-
ing accuracy.>4 Hence, additional unique structural in-
formation is provided by ytfP that was not available
from structures in the PDB on the date ytfP was depos-
ited. While the structures of Q923B0_MOUSE and
Y828 PYRHO can be used to homology model subsets
of the eukaryotic and archaeal UPF0131 proteins, respec-
tively, the homology modeling coverage space of the E.
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coli ytfP structure presented here encompasses an entirely
different region of the phylogenetic tree (see Fig. 3),
namely all of the UPF0131 family members from the
gamma proteobacteria. This structure should be valuable
in studies of structure—function relationships and mecha-
nisms of antibiotic biosynthesis.
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NOTE ADDED IN PROOF

Lytle et al. (Acta Crystallogr F 2006;62:490—-493) have
recently described the solution NMR structure of Arabidop-
sis thaliana protein At5g39720.1 (PDB ID: 2G0Q) which,
although it is from a different protein domain family
(PF06094) and shares very little sequence similarity with
E. coli ytfP, exhibits a similar overall 3D structure.
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