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INTRODUCTION

Protein with 83 residues, VPA0419 (residues 17-99,
numbered 1-83) (gil81726230, SwissProt/TrEMBL ID
Q87J34_VIBPA, accession number Q87]34)1 from Vibrio
parahaemolyticus and 99-residue protein yiiS (gil81722782,
SwissProt/TrEMBL ID Q831T9_SHIFL, accession number
Q83IT9)%>3 from Shigella flexneri were selected as targets
for the Protein Structure Initiative-2 and assigned to the
Northeast Structural Genomics Consortium (NESG) for
structure determination (NESG target ID VpR68 for
VPA0419 and SfR90 for yiiS). VPA0419 and yiiS share
36% sequence identity, but show no significant sequence
identity with any protein with known three-dimensional
structure in the Protein Data Bank (PDB%). The two pro-
teins belong to Pfam® domain family PF04175 which cur-
rently contains 123 members with unknown three-dimen-
sional structures and functional annotation, all of which
appear to be found in gamma proteobacteria (for a
sequence alignment, see Fig. S1 in Supporting Informa-
tion). The NMR structures of VPA0419 and yiiS were
solved using a protocol for high-throughput protein struc-
ture determination® and represent the first ones for protein
family PF04175. As these structures are the first for
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PF04175, “high leverage” of the experimental structures
can be expected for calculating homology models.89

METHODS

Proteins VPA0419 and yiiS were cloned, expressed,
and purified following standard protocols developed by
the NESG for production of U-">C,'’N-labeled protein
samples.10 Briefly, the truncated VPA0419 gene encod-
ing residues 17-99 from Vibrio parahaemolyticus and
the full-length yiiS gene from Shigella flexneri were
cloned into a pET21 (Novagen) derivative, yielding the
plasmids VpR68-17-99-21.2 and SfR90-21.8, respec-
tively. The resulting constructs contain eight nonnative
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residues at the C-terminus (LEHHHHHH) that facili-
tate protein purification. The construct of VPA0419 was
designed using consensus disorder prediction methods
(Y. Huang and G.T. Montelione, personal communca-
tion); several constructs with different truncations of
the N-terminal 14-22 residues were made, and the con-
struct providing the best expression, solubility, and
NMR spectral quality, residues 17-99, was selected for
structure determination. Escherichia coli BL21 (DE3)
PMGK cells, a codon enhanced strain, were transformed
with VpR68-17-99-21.2 for protein VPA0419 and
SfR90-21.8 for protein yiiS, and cultured in MJ9 mini-
mal medium containing ("’NH,4),SO4 and U-'’C-glu-
cose as sole nitrogen and carbon sources to produce
U-">C,'"N-labeled proteins. VPA0419 and yiiS were
purified using an AKTAxpress (GE Healthcare) based
two-step protocol consisting of IMAC (HisTrap HP)
and gel filtration (HiLoad 26/60 Superdex 75) chroma-
tography. The final vyields of purified U-""C,°N
VPA0419 (>98% homogenous by SDS-PAGE; 10.8 kDa
by MALDI-TOF mass spectrometry) and U-'">C,"°N yiiS
(>98% homogenous by SDS-PAGE; 12.4 kDa by
MALDI-TOF mass spectrometry) were ~43 and ~34
mg/L, respectively. In addition, U-""N, 5% biosyntheti-
cally directed fractionally '*C-labeled samples were gen-
erated to stereo-specifically assign Val and Leu methyl
groups.11 All NMR samples were prepared at ~1 mM
protein concentration in 95% H,0/5% *H,0O solutions
containing 20 mM NH,OAc (VPA0419) or 20 mM MES
(yiiS) along with 100 mM NaCl, 5 mM CaCl,, 10 mM
DTT, and 0.02% NaNj; at pH 5.5 (VPA0419) or pH 6.5
(yiiS). Isotropic overall rotational correlation times of
~4.5 ns for VPA0419 and ~5.0 ns for yiiS were inferred
from "N spin relaxation times and indicate that both
proteins are monomeric in solution. This conclusion
was further confirmed by analytic gel filtration (Agilent
Technologies) followed by a combination of static light
scattering and refractive index (Wyatt Technology).10

NMR spectra were recorded at 25°C on Varian INOVA
600 (for VPA0419) and INOVA 750 (for yiiS) spect-
rometers equipped with cryogenic probes. Four through-
bond correlated G-matrix Fourier transform!2 (GFT)
NMR experiments,lz_14 complemented by 3D HNNCO
as described,15 were collected for backbone and side
chain resonance assignments (total measurement time:
~100 h for each protein). For both proteins, simultane-
ous 3D ISN/13Caliphatic/13Car0matic_resolved [IH,IH]—
NOESY 14 (mixing time: 70 ms; measurement time: 24 h
for each protein) was acquired on an a Varian INOVA
750 spectrometer to derive 'H-'H distance constraints.
2D constant-time [PC,'H]-HSQC spectra were recorded
as was described!® for the 5% fractionally '*C-labeled
samples in order to obtain stereo-specific assignments for
isopropyl groups of Val and Leu. Spectra were processed
and analyzed with the programs NMRPIPE!® and
XEASY,17 respectively.
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Sequence specific backbone ('HY, PN, 'H*, *C%) and
"HP/"PCP resonance assignments were obtained by using
(4,3)D HNNC*PC*/C*PC*(CO)NHN and H**C**(CO)NHN
along with the program AUTOASSIGN, 18 and polypep-
tide backbone '’C’ resonances were assigned using 3D
HNNCO. More peripheral side chain chemical shifts
were assigned with aliphatic (4,3)D HCCH and 3D
15N/ 13 caliphatic 13 caromatic_pagqlved ['H,'H]-NOESY. Over-
all, assignments were obtained for 100%/99% of back-
bone and 'HP/"*CP resonances of VPA0419/yiiS, and for
99% of the side chain resonances of both proteins which
are assignable with the NMR experiments listed earlier
(excluding the N-terminal NH;*, Pro N, °C’ preceding
prolyl residues, Lys NH; ", Arg NH,, OH, side chain
3¢/ and aromatic *CY). Furthermore, 64%/100% of Val
and Leu isopropyl moieties and 49%/28% of B-methyl-
ene groups with non-degenerate proton chemical shifts
were stereo-specifically assigned for VPA0419/yiiS (Table
I). Chemical shifts were deposited in the BioMagRes-
Bank?2 (accession code 15608 for VPA0419 and 15762
for yiiS). 'H-"H upper distance limit constraints for
structure calculations were obtained from NOESY (Table
I). In addition, backbone dihedral angle constraints were
derived from chemical shifts using the program TALOS23
for residues located in well-defined secondary structure
elements (Table I). The programs CYANA2425 and
AUTOSTRUCTUREZ® were used in parallel to assign
long-range NOEs.® The final structure calculations were
performed using CYANA followed by explicit water bath
refinement using the program CNS.27

Computational structure analyses are provided by the
NESG function annotation database (http://luna.bioc.
columbia.edu/honiglab/nesg). This resource provides in-
formation on structural neighbors identified by the struc-
ture alignment methods SKAN28:29  and DALI,30
sequence neighbors extracted from UniProt3! using PSI-
BLAST,32  solvent accessible cavities identified by
SCREEN,33 electrostatic surface potentials estimated by
DELPHI,34 protein signatures recognized by INTERPRO-
SCAN,-”5 and amino acid conservation profiles estimated
by CONSURE3® For structure visualization, the ASTEX-
VIEWER™ 2,037 is implemented. Further details on the
applied methods are provided at http://luna.bioc.columbia.
edu/honiglab/nesg/documentation/.

RESULTS AND DISCUSSION

High-quality three-dimensional NMR structures (Table
I) were obtained for proteins VPA0419 and yiiS, and the
coordinates were deposited in the PDB4 (Fig. 1; accession
code 2jz5 for VPA0419 and 2k3i for yiiS). As was
expected for two proteins with 36% sequence identity,
both proteins exhibit quite similar three-dimensional
structures: the root mean square deviation (rmsd) calcu-
lated between the mean coordinates of the backbone
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Table |
Structure Statistics for NMR Structures of Proteins VPA0419 and yiiS
VPA0419 yiiS
Completeness of stereospecific assignments® (%)
PCH, 49 (27/55) 28 (11/39)
Val and Leu methyl groups 64 (9/14) 100 (9/9)
Conformationally restricting distance constraints
Intraresidue [/ = J] 439 346
Sequential [li —j| = 1] 493 588
Medium range [1 < Ii —jl < 5] 323 443
Long range [Ii — 1 > 5] 554 621
Total 1809 1998
Dihedral angle constraints
® 45 47
45 47
Average number of constraints per residue 21.0 20.2
Average number of long-range distance constraints per residue 6.4 6.3
CYANA target function (A?) 0.95 + 0.20 0.90 £+ 0.13
Average number of distance constraints violations per CYANA conformer
02-05A 0 0
>05A 0 0
Average number of dihedral-angle constraint violations per CYANA conformer
>5° 0 0
Average rmsd to the mean CNS coordinates (A)
Regular secondary structure elements,” backbone heavy atoms 0.48 + 0.10 0.57 £+ 0.10
Regular secondary structure elements,” all heavy atoms 0.92 + 0.10 1.00 + 0.06
Ordered residues,® backbone heavy atoms 1.21 £ 0.24 0.73 £ 0.11
Ordered residues,® all heavy atoms 1.48 + 0.18 112 + 0.09
Heavy atoms of molecular core including best-defined side chains® 0.73 + 0.13 0.86 + 0.09
PROCHECK!? G-factors raw score (@ and \ / all dihedral angles)® —0.09/—-0.13 —0.08/—0.11
PROCHECK'9 G-factors Z-score (@ and \y / all dihedral angles)® —0.04/—0.77 0.00/—0.65
MOLPROBITYZD clash score (raw / Z-score)® 19.82/-190  19.26/~1.78
AutoQF R/P/DP scores?! (%) 95/97/78 93/96/71
Ramachandran plot summary® (%)
Most favored regions 95.1 94.7
Additionally allowed regions 4.9 5.2
Generously allowed regions 0.0 0.1
Disallowed regions 0.0 0.1

“Relative to pairs with nondegenerate chemical shifts for residues 1-83 (VPA0419) and 29-100 (yiiS).
PResidues 14-19, 24-40, 46—49, 58-64, 68-81 for VPA0419; 29-36, 39-56, 64-72, 75-83, 87-100 for yiiS.

“Residues 1-83 for VPA0419; 29-100 for yiiS.

9Backbone and side-chain heavy atoms of residues 14,15,17-19, 26, 27, 29, 31, 32, 35, 38, 40, 41, 45, 48, 50, 59-61, 69, 72, 73,
76 for VPA0419; 29, 36, 39, 42-46, 52, 53, 56, 69-71, 75-84, 89-93 for yiiS.

heavy atoms N, C*, and C’ of regular secondary structure
elements is only 0.88 A. The two proteins exhibit a
mixed o/f fold containing a three-stranded antiparallel
B-sheet with topology A(T)C(])B(T) and comprising res-
idues 14-20/29-36, 45-50/63-71, and 58-65/76-83. Two
a-helices T and II, comprise, respectively, residues 24—41/
39-59 and 68-82/87-101, and are attached on one side
of the B-sheet. a-Helix I is inserted between B-strands A
and B, while a-Helix II is C-terminal.

As mentioned in the introduction, both VPA0419 and
yiiS belong to protein domain family PF04175,° a “do-
main of unknown function” family (DUF406) whose
members appear to be found only in gamma proteobacte-
ria. Although PSI-BLAST32 searches using VPA0419 and
yiiS as queries against UniRef10039 returned a few closely
related annotated sequences [e.g. a sequence annotated as
putative C-4 dicarboxylate transport protein (fragment)
or one annotated as DNA mismatch repair protein shar-

ing 98% and 36% sequence identity, respectively, with
yiiS over the entire protein length], it was unclear why
these sequences carried such annotations in UniRef and
we could not validate them. To the best of our knowl-
edge, the only tentative functional annotation published
in literature for any member of family PF04175 refers to
a Haemophilus influenzae protein (Swiss-Prot ID P44027;
25% sequence identity with protein yiiS over 84 resi-
dues). This protein has been suggested to play an auxil-
iary role in penetration of the bacterial cells in between
human epithelial cells.#0 However, the specific mecha-
nism by which this protein is involved is not known, so
that a biochemical functional annotation of members of
PF04175 can likewise not be derived.

Our search for proteins that are structurally similar to
VPA0419 and yiiS (see Supporting Information for addi-
tional details) reveals that their three-dimensional archi-
tecture is rather common among proteins with known
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Figure 1

NMR structures of proteins VPA0419 (residues 13-82; on the left) and
yiiS (residues 28—101; on the right). (a) Ribbon drawing of the
conformer with the lowest CYANA target function. The a-helices I and
II are shown in red and yellow, B-strands A, B, and C are shown in
cyan, and other polypeptide segments are shown in grey. The N- and
C-termini are labeled with “N” and “C,” respectively. (b) “Sausage”
representation of backbone and best-defined side chains (Table I). A
spline curve was drawn through the mean positions of C* atoms of the
residues of the regular secondary structure elements with the thickness
proportional to the mean global displacement of C* atoms in the 20
conformers representing the NMR structures (Table I) superimposed for
minimal rmsd. The coloring is as in (a). (c) Electrostatic surface
potential. The left of the two representations for each of the two
proteins is in the same orientation as (a) and (b). The corresponding
presentations on the right were obtained after a 180° rotation about the
vertical axis. The figures were generated with the program MOLMOL.38

structures deposited in the PDB.4 For example, the struc-
ture alignment programs SKAN28:29 and DALI3O return
numerous ‘hits’ when using VPA0419 and vyiiS as queries,
including several RNA binding domains such as the spli-
ceosomal U2B* protein?! and the $10 component of the
308 ribosomal subunit.#2 However, the RNA binding
region in these domains is generally located on the sol-
vent exposed side of the P-sheet, an area that in
VPA0419 and yiiS exhibits only slightly positive to neu-
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tral surface electrostatic potential (GRASP228). Further-
more, potential RNA binding residues appear in general
not to be conserved in VPA0419 and yiiS. Although this
does not necessarily rule out the possibility that the two
proteins bind to RNA, a functional annotation for
VPA0419 and yiiS can thus not be inferred from these
structurally similar proteins.

The only structural match for VPA0419 and yiiS for
which we could derive a tentative suggestion for a
functional annotation turned out to be the single
domain enzymes Pterin-4a-Carbinolamine Dehydratases
(PCDs).43 The structure of the Thermus thermophilus
protein  DCoH#4 can be superposed onto yiiS and
VPA0419 with, respectively, r.m.s.d. values for superposi-
tion of the C* atoms of 2.8 A (70 aligned residues) and
3.1 A (66 aligned residues) when using the program
SKAN.28:29 The sequence identity inferred from a struc-
ture-based sequence alignment, on the other hand, is
very low: 11% and 12% for, respectively, yiiS and
VPA0419. Very similar results are obtained for the mouse
and rat homologs (PDB IDs 1ru0%> and 1dcp?). Hence,
the hypothesis presented in the following could not have
been drawn based on sequence similarity alone and
depended on the knowledge of the three-dimensional
structures.

Although residues of the PCDs involved in binding of
the metabolite pterin-4a-carbinolamine are not conserved
in VPA0419 and yiiS, they do correspond to a surface
region structurally aligned with residues that are highly
conserved in PF04175 (in particular also the most con-
served residue Glu 89; see Supporting Information with
additional information and Fig. S2). This suggests that in
both VPA0419 and yiiS (and therefore all members of
PF04175), this region (i.e. the one including Glu 89) is
involved in binding of a ligand, thereby possibly consti-
tuting a catalytic site of a yet uncharacterized enzyme
specific to gamma proteobacteria. Future experiments
designed to screen for ligands that bind to proteins
VPA0419 and/or yiiS can be envisaged to test this
hypothesis.

ACKNOWLEDGMVMENTS

The authors thank M. Baran, C. Ciccosanti, Y.P.
Huang, M. Jiang, J. Liu, M. Maglaqui, G.V.T. Swapna, D.
Wang, and L. Zhao for contributions in sample prepara-
tion and helpful discussions. Support was obtained from
the University at Buffalo’s Center for Computational
Research.

REFERENCES

1. Makino K, Oshima K, Kurokawa K, Yokoyama K, Uda T, Tagomori
K, Iijima Y, Najima M, Nakano M, Yamashita A, Kubota Y, Kimura
S, Yasunaga T, Honda T, Shinagawa H, Hattori M, Iida T. Genome



10.

11.

12.

13.

14.

15.

16.

17.

18.

NMR Structures of Proteins VAPO4 19 and viiS

sequence of Vibrio parahaemolyticus: a pathogenic mechanism dis-
tinct from that of V cholerae. Lancet 2003;361:743-749.

. Jin Q, Yuan Z, Xu J, Wang Y, Shen Y, Lu W, Wang J, Liu H, Yang J,

Yang F, Zhang X, Zhang J, Yang G, Wu H, Qu D, Dong J, Sun L,
Xue Y, Zhao A, Gao Y, Zhu J, Kan B, Ding K, Chen S, Cheng H,
Yao Z, He B, Chen R, Ma D, Qiang B, Wen Y, Hou Y, Yu J. Ge-
nome sequence of Shigella flexneri 2a: insights into pathogenicity
through comparison with genomes of Escherichia coli K12 and
0157. Nucleic Acids Res 2002;30:4432—4441.

. Wei J, Goldberg MB, Burland V, Venkatesan MM, Deng W, Four-

nier G, Mayhew GE Plunkett G, 3rd, Rose DJ, Darling A, Mau B,
Perna NT, Payne SM, Runyen-Janecky L], Zhou S, Schwartz DC,
Blattner FR. Complete genome sequence and comparative genomics
of Shigella flexneri serotype 2a strain 2457T. Infect Immun
2003;71:2775-2786.

. Berman HM, Westbrook J, Feng Z, Gilliland G, Bhat TN, Weissig

H, Shindyalov IN, Bourne PE. The Protein Data Bank. Nucleic
Acids Res 2000;28:235-242.

. Bateman A, Birney E, Cerruti L, Durbin R, Etwiller L, Eddy SR,

Griffiths-Jones S, Howe KL, Marshall M, Sonnhammer EL. The
Pfam protein families database. Nucleic Acids Res 2002;30:276-280.

. Liu G, Shen Y, Atreya HS, Parish D, Shao Y, Sukumaran DK, Xiao

R, Yee A, Lemak A, Bhattacharya A, Acton TA, Arrowsmith CH,
Montelione GT, Szyperski T. NMR data collection and analysis pro-
tocol for high-throughput protein structure determination. Proc
Natl Acad Sci USA 2005;102:10487-10492.

. Liu J, Montelione GT, Rost B. Novel leverage of structural

genomics. Nat Biotechnol 2007;25:849-851.

. Ginalski K. Comparative modeling for protein structure prediction.

Curr Opin Struct Biol 2006;16:172-177.

. Petrey D, Honig B. Protein structure prediction: inroads to biology.

Mol Cell 2005;20:811-819.

Acton TB, Gunsalus KC, Xiao R, Ma LC, Aramini J, Baran MC,
Chiang YW, Climent T, Cooper B, Denissova NG, Douglas SM,
Everett JK, Ho CK, Macapagal D, Rajan PK, Shastry R, Shih LY,
Swapna GV, Wilson M, Wu M, Gerstein M, Inouye M, Hunt JF
Montelione GT. Robotic cloning and Protein Production Platform
of the Northeast Structural Genomics Consortium. Methods Enzy-
mol 2005;394:210-243.

Neri D, Szyperski T, Otting G, Senn H, Wiithrich K. Stereospecific
nuclear magnetic resonance assignments of the methyl groups of
valine and leucine in the DNA-binding domain of the 434 repressor
by biosynthetically directed fractional 13C labeling. Biochemistry
1989;28:7510-7516.

Kim S, Szyperski T. GFT NMR, a new approach to rapidly obtain
precise high-dimensional NMR spectral information. ] Am Chem
Soc 2003;125:1385-1393.

Atreya HS, Szyperski T. G-matrix Fourier transform NMR spectros-
copy for complete protein resonance assignment. Proc Natl Acad
Sci USA 2004;101:9642-9647.

Shen Y, Atreya HS, Liu G, Szyperski T. G-matrix Fourier transform
NOESY-based protocol for high-quality protein structure determi-
nation. ] Am Chem Soc 2005;127:9085-9099.

Penhoat CH, Li Z, Atreya HS, Kim S, Yee A, Xiao R, Murray D,
Arrowsmith CH, Szyperski T. NMR solution structure of Thermo-
toga maritima protein TM1509 reveals a Zn-metalloprotease-like
tertiary structure. J Struct Funct Genomics 2005;6:51-62.

Delaglio F, Grzesiek S, Vuister GW, Zhu G, Pfeifer J, Bax A.
NMRPipe: a multidimensional spectral processing system based on
UNIX pipes. ] Biomol NMR 1995;6:277-293.

Bartels C, Xia T-h, Billeter M, Giintert P, Wiithrich K. The program
XEASY for computer-supported NMR spectral analysis of biological
macromolecules. ] Biomol NMR 1995;6:1-10.

Zimmerman DE, Kulikowski CA, Huang Y, Feng W, Tashiro M,
Shimotakahara S, Chien C, Powers R, Montelione GT. Automated
analysis of protein NMR assignments using methods from artificial
intelligence. ] Mol Biol 1997;269:592-610.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Laskowski RA, Rullmannn JA, MacArthur MW, Kaptein R, Thorn-
ton JM. AQUA and PROCHECK-NMR: programs for checking the
quality of protein structures solved by NMR. ] Biomol NMR
1996;8:477-486.

Word JM, Bateman RC, Jr., Presley BK, Lovell SC, Richardson DC.
Exploring steric constraints on protein mutations using MAGE/
PROBE. Protein Sci 2000;9:2251-2259.

Huang YJ, Powers R, Montelione GT. Protein NMR recall, preci-
sion, and F-measure scores (RPF scores): structure quality assess-
ment measures based on information retrieval statistics. ] Am
Chem Soc 2005;127:1665-1674.

Ulrich EL, Akutsu H, Doreleijers JF, Harano Y, Ioannidis YE, Lin J,
Livny M, Mading S, Maziuk D, Miller Z, Nakatani E, Schulte CF,
Tolmie DE, Kent Wenger R, Yao H, Markley JL. BioMagResBank.
Nucleic Acids Res 2008;36:D402-D408.

Cornilescu G, Delaglio E Bax A. Protein backbone angle restraints
from searching a database for chemical shift and sequence homol-
ogy. ] Biomol NMR 1999;13:289-302.

Giintert P, Mumenthaler C, Wiithrich K. Torsion angle dynamics
for NMR structure calculation with the new program DYANA.
J Mol Biol 1997;273:283-298.

Herrmann T, Giintert P, Wiithrich K. Protein NMR structure deter-
mination with automated NOE assignment using the new software
CANDID and the torsion angle dynamics algorithm DYANA. ] Mol
Biol 2002;319:209-227.

Huang YJ, Moseley HN, Baran MC, Arrowsmith C, Powers R,
Tejero R, Szyperski T, Montelione GT. An integrated platform for
automated analysis of protein NMR structures. Methods Enzymol
2005;394:111-141.

Brunger AT, Adams PD, Clore GM, DeLano WL, Gros P, Grosse-
Kunstleve RW, Jiang JS, Kuszewski J, Nilges M, Pannu NS, Read RJ,
Rice LM, Simonson T, Warren GL. Crystallography and NMR sys-
tem: a new software suite for macromolecular structure determina-
tion. Acta Crystallogr D Biol Crystallogr 1998;54:905-921.

Petrey D, Honig B. GRASP2: visualization, surface properties, and
electrostatics of macromolecular structures and sequences. Methods
Enzymol 2003;374:492-509.

Yang AS, Honig B. An integrated approach to the analysis and
modeling of protein sequences and structures. I. Protein structural
alignment and a quantitative measure for protein structural dis-
tance. ] Mol Biol 2000;301:665—-678.

Holm L, Sander C. Dali: a network tool for protein structure com-
parison. Trends Biochem Sci 1995;20:478—-480.

Apweiler R, Bairoch A, Wu CH, Barker WC, Boeckmann B, Ferro
S, Gasteiger E, Huang H, Lopez R, Magrane M, Martin M]J, Natale
DA, O’Donovan C, Redaschi N, Yeh LS. UniProt: the Universal Pro-
tein knowledgebase. Nucleic Acids Res 2004;32:D115-119.

Altschul SE, Madden TL, Schaffer AA, Zhang J, Zhang Z, Miller W,
Lipman DJ. Gapped BLAST and PSI-BLAST: a new generation of pro-
tein database search programs. Nucleic Acids Res 1997;25:3389-3402.
Nayal M, Honig B. On the nature of cavities on protein surfaces:
application to the identification of drug-binding sites. Proteins
2006;63:892-906.

Rocchia W, Sridharan S, Nicholls A, Alexov E, Chiabrera A, Honig
B. Rapid grid-based construction of the molecular surface and the
use of induced surface charge to calculate reaction field energies:
applications to the molecular systems and geometric objects.
J Comput Chem 2002;23:128-137.

Zdobnov EM, Apweiler R. InterProScan—an integration platform for
the signature-recognition methods in InterPro. Bioinformatics
2001;17:847—-848.

Landau M, Mayrose I, Rosenberg Y, Glaser F, Martz E, Pupko T,
Ben-Tal N. ConSurf 2005: the projection of evolutionary conserva-
tion scores of residues on protein structures. Nucleic Acids Res
33:W299-302, 2005.

Hartshorn MJ. AstexViewer: a visualisation aid for structure-based
drug design. ] Comput Aided Mol Des 2002;16:871-881.

PROTEINS 783



38.

39.

40.

41.

42.

K.K. Singarapu et al.

Koradi R, Billeter M, Wiithrich K. MOLMOL: a program for dis-
play and analysis of macromolecular structures. ] Mol Graph
1996;14:29-32, 51-55.

Suzek BE, Huang H, McGarvey P, Mazumder R, Wu CH. UniRef:
comprehensive and non-redundant UniProt reference clusters. Bio-
informatics 2007;23:1282—-1288.

van Schilfgaarde M, van Ulsen P, van Der Steeg W, Winter V, Eijk
P, Everts V, Dankert J, van Alphen L. Cloning of genes of nontype-
able Haemophilus influenzae involved in penetration between
human lung epithelial cells. Infect Immun 2000;68:4616—4623.

Price SR, Evans PR, Nagai K. Crystal structure of the spliceosomal
U2B/-U2A’ protein complex bound to a fragment of U2 small nu-
clear RNA. Nature 1998;394:645-650.

Luo X, Hsiao HH, Bubunenko M, Weber G, Court DL, Gottesman
ME, Urlaub H, Wahl MC. Structural and functional analysis of the

784 FroTEINS

43.

44,

45.

46.

E. coli NusB-S10 transcription antitermination complex. Mol Cell
2008;32:791-802.

Zhao G, Xia T, Song J, Jensen RA. Pseudomonas aeruginosa pos-
sesses homologues of mammalian phenylalanine hydroxylase and 4
alpha-carbinolamine dehydratase/DCoH as part of a three-compo-
nent gene cluster. Proc Natl Acad Sci USA 1994;91:1366-1370.
Tahirov TH, Inagaki E. DCOH A. Bifunctional Protein-Binding
Transcriptional ~ Coactivator, Pro9Leu Mutant.http://dx.doi.org/
10.2210/pdblusm/pdb; 2003.

Rose RB, Pullen KE, Bayle JH, Crabtree GR, Alber T. Biochemical and
structural basis for partially redundant enzymatic and transcriptional
functions of DCoH and DCoH2. Biochemistry 2004;43:7345-7355.
Cronk JD, Endrizzi JA, Alber T. High-resolution structures of the
bifunctional enzyme and transcriptional coactivator DCoH and its
complex with a product analogue. Protein Sci 1996;5:1963-1972.



