Homework Assignment for NMR Unit for BIOC 530 AU 2015

Prof. Kalle Gehring will give a Biochemistry Dept. seminar on Tuesday Nov. 10, 2015. Dr. Gehring’s
research takes advantage of both x-ray crystallography and NMR spectroscopy; his talk will cover the
structural biology of the ubiquitin E3 ligase, parkin. You should attend that seminar and answer the
question below as part of your NMR Homework:

Question based on Nov. 10 Dept. of Biochemistry seminar: Although the bulk of data presented in the
seminar is based on x-ray crystallography approaches, Dr. Gehring will show several NMR-based
experiments. Describe one of the experiments presented, including the following information: 1) the type
of NMR spectra presented, 2) the molecule/construct that was observed in the NMR experiment, 3) the
type of isotopic labeling used, 4) the experimental question being asked, and 5) the results/conclusions
based on the experiment.

In addition:

Read the attached journal article from Kalle Gehring’s Lab titled “Structure of the Legionella Effector,
lpg1496, Suggests a Role in Nucleotide Metabolism” and answer the following questions.

1) What did the authors do differently in the expression or purification of their protein for use in NMR
that they do not do for the protein used in crystallography or assays? Why is this step(s) important for
NMR?



2) What experiments do the authors use to assign the resonances (peaks) in the HSQC spectrum to
individual residues in the protein? How many dimensions do these experiments have and what does
each one represent (i.e., what nuclei are observed in each dimension)?

3) Briefly describe what information the authors could have gained from their NMR titrations in the
absence of specific HSQC peak assignments.

4) What additional information were they able to draw from the NMR titrations because they assigned
the HSQC peaks?

5) The authors mention that the spectra of the Tyrosine mutants look similar to the wild-type. Why is
this important to conclude these residues are important for ligand binding?
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Background: Ipg1496 is a member of the SidE family of Legionella pneumophila and involved in bacterial virulence.
Results: The three domains of Ipg1496 have been crystallized and characterized in nucleotide-bound and free states.
Conclusion: The effector Ipg1496 is likely involved in nucleotide metabolism.

Significance: This is the first structural characterization of KLAMP and SidE domains.

Pathogenic Gram-negative bacteria use specialized secretion
systems that translocate bacterial proteins, termed effectors,
directly into host cells where they interact with host proteins
and biochemical processes for the benefit of the pathogen.
Ipg1496 is a previously uncharacterized effector of Legionella
pneumophila, the causative agent of Legionnaires disease. Here,
we crystallized three nucleotide binding domains from 1pg1496.
The C-terminal domain, which is conserved among the SidE
family of effectors, is formed of two largely a-helical lobes with
a nucleotide binding cleft. A structural homology search has
shown similarity to phosphodiesterases involved in cleavage of
cyclic nucleotides. We have also crystallized a novel domain that
occurs twice in the N-terminal half of the protein that we term
the KLAMP domain due to the presence of homologous
domains in bacterial histidine kinase-like ATP binding region-
containing proteins and S-adenosylmethionine-dependent
methyltransferase proteins. Both KLAMP structures are very
similar but selectively bind 3’,5-cAMP and ADP. A co-crystal of
the KLAMP1 domain with 3’,5'-cAMP reveals the contribution
of Tyr-61 and Tyr-69 that produces m-stacking interactions
with the adenine ring of the nucleotide. Our study provides the
first structural insights into two novel nucleotide binding
domains associated with bacterial virulence.

Legionella pneumophila is a Gram-negative bacterium and is
the causative agent of Legionnaires disease, an acute form of
pneumonia (1). Pathogenic Gram-negative bacteria use special-
ized secretion systems that translocate bacterial proteins,
termed effectors, directly into host cells where they interact
with host proteins and hijack eukaryotic biochemical processes
for the benefit of the pathogen. These secretion machineries are
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highly conserved among different bacterial species. L. pneumo-
phila uses a Dot/Icm type IV (T4SS) secretion system to inject
effector proteins into the host cells (2). The secreted effectors
allow the bacterium to escape the host lysosomal pathway after
phagocytosis.

Currently, about 300 Dot/Icm-dependent effectors of
L. pneumophila have been identified using methods such as
interaction with Dot/Icm components (3, 4), the presence of
a C-terminal secretion signal (5), and a machine-learning
approach where effectors were identified based on shared fea-
tures (6). However, the functions of most remain unknown.
Ipg1496 is one such experimentally validated effector protein
(6).

From sequence alignment, lpg1496 was found to contain a
conserved domain from the SidE family. An interbacterial
transfer assay in 2004 led to the identification of this family,
which includes SdeA, SdeB, SdeC, and SidE (7). These four
members were grouped based on their location on the chromo-
some, their interactions with IcmS, a putative chaperone for
effectors, and sequence similarity (3, 8). SidE proteins are
secreted during infection and localize to the poles of the bacte-
rium, where they may interact with nearby Dot/Icm substrates
such as LidA (3, 9). A member of this family, SdeA, is a paralog
of LaiA, which contains homology to an integrin analogue gene
of Saccharomyces cerevisiae (10, 11). LaiA has been shown to be
required for adherence and entry into alveolar epithelial cells
(10). In addition, SidE family secretion peaks 30 min post infec-
tion of mouse bone marrow macrophages, and SdeA-trans-
fected cells fragment the Golgi apparatus, suggesting a role in
the early events of intracellular growth, such as modification of
the Legionella-containing vacuole (3, 12). A deletion strain of
this family results in an approximate 100-fold less growth than
wild type in Acanthamoeba castellanii, which can be comple-
mented by the expression of SdeA on a plasmid (3). Recently, it
has been reported that overexpression of SdeA in a Sid] mutant
completely inhibits the growth of intracellular Legionella to lev-
els similar to a translocation deficient DotA mutant (12).

No molecular characterization of 1pgl496 has been done
previously. Here, we identified three independently folded
domains in the protein and determined their high resolution
crystal structures. The two N-terminal domains are a novel fold

JOURNAL OF BIOLOGICAL CHEMISTRY 24727

GTOZ ‘02 J20q0100 uo uoibuiysepn Jo AiseAiun e /B1o-ogl mmm//:dny wouy papeojumoq


http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.M115.671263&domain=pdf&date_stamp=2015-8-20
http://www.jbc.org/

Structure of the Legionella Effector, Ipg1496

that we call KLAMP? domains. The C-terminal domain is
found in all SidE family proteins but had not been characterized
structurally. We showed that all the domains bind to nucleo-
tides and revealed molecular determinants of their binding
specificity.

Experimental Procedures

Cloning, Protein Expression, and Purification—The gene
Ipg1496 from L. pneumophila strain Philadelphia was cloned
into pLR652 as a N-terminal GST-tagged fusion protein and
expressed in a BL21 Star Escherichia coli strain. The cells were
grown at 37 °C in Luria broth to an optical density of 0.8, and
expression was induced with 1 mm isopropyl B-p-1-thiogalac-
topyranoside at 30 °C for 4 h or 16 °C overnight. After centri-
fuging the cells, the pellets were resuspended in phosphate-
buffered saline (PBS) (137 mm NaCl, 2.7 mm KCI, 10 mm
Na,HPO,, 2 mm KH,PO,, pH 7.4) containing 1 mm phenyl-
methylsulfonyl fluoride, 0.1 mg/ml lysozyme, and 80 units of
deoxyribonuclease and lysed by sonication. Cell debris was
removed by centrifugation, and the GST fusion protein was
purified using glutathione-Sepharose affinity columns (GE
Healthcare). After eluting the protein in PBS containing 20 mm
glutathione, the middle domain of lpg1496 was obtained by a
2 h of trypsin cleavage in PBS and further purified on a Super-
dex75 gel filtration column (GE Healthcare) in buffer A (10 mm
HEPES, pH 7.0, 100 mMm NaCl) before crystallization trials.

The N-terminal domain of 1pgl1496 (residues 1-138) was
cloned into pET29a using the primers 5'-agatatacatatggttacga-
aaataatttgggtttc-3’ and 5'-ctagctcgagttttgttacgggaacaataacag-
gtg-3' as a C-terminal His-tagged fusion and transformed into a
BL21 E. coli strain. Mutagenesis for Y61A and Y69A was then
performed using 5'-ctgatagaagcttcaaatgccccaattaatecttgtgg-3’
and 5'-taatccttgtggttgtgctatatccccaggtggg-3’, respectively. The
expression conditions were the same as for the full-length pro-
tein. The fusion protein was bound to nickel-nitrilotriacetic
acid-agarose (Qiagen) beads, washed with buffer B (50 mm
HEPES, pH 7.6, 0.5 M NaCl, 5% (v/v) glycerol) containing 30 mm
imidazole, and eluted with buffer B containing 250 mm imidaz-
ole. The protein was further purified by size-exclusion chroma-
tography on a Superdex75 gel filtration column (GE
Healthcare) in buffer A.

Three constructs of the SidE domain of Ipg1496 were cloned.
Ipg1496 (293-580) was cloned into pET29a using the primers
5'-agatatacatatggaaatagagaaaaatgattatctactatc-3’ and 5'-ctagc-
tcgagctttagacactcattgggatc-3’ as a C-terminal His-tagged
fusion protein. lpg1496 (293-598) was cloned into pET15b
using the primers 5'-agatatacatatggaaatagagaaaaatgattatctact-
atc-3’ and 5'-cgcggatccttaaataccatattgatttgccaag-3' as an N-
terminal His-tagged fusion protein. lpg1496 (154 -598) was
cloned into the pET29a vector using 5'-agatatacatatggattcttcg-
atttctattagtge-3’ and 5'-ctagctcgagaataccatattgatttgccaag-3'.

3 The abbreviations used are: KLAMP, kinase-like ATP binding region-contain-
ing proteins and S-adenosylmethionine-dependent methyltransferase
protein; Bis-Tris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-
1,3-diol; Bicine, N,N-bis(2-hydroxyethyl)glycine; CHESS, Cornell High-En-
ergy Synchrotron Source; MR, molecular replacement; HSQC, heteronu-
clear single quantum correlation spectroscopy; r.m.s.d., root mean square
deviation; PDE, phosphodiesterase.
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Constructs were verified by DNA sequencing. E. coli BL21 star
cells were transformed with plasmids encoding the three
constructs. The expression and purification conditions were
the same as for the N-terminal domain, except size-exclusion
chromatography was performed using buffer C (10 mm HEPES,
pH 7.5,100 mm NaCl). The His tag in the pET15b construct was
cleaved with thrombin before injecting the protein into a size-
exclusion column.

For '°N-labeling, the cells were grown in M9 minimal
medium supplemented with [**N]ammonium chloride as the
sole source of nitrogen. For '*C,'°N double-labeling, the cells
were grown in M9 minimal medium supplemented with
[**NJammonium chloride and p-[**C,]glucose as the sole
sources of nitrogen and carbon.

For selenomethionine labeling, the plasmid was transformed
into a methionine-auxotroph DL41 (DE3) E. coli strain, and the
cells were grown in LeMaster medium supplemented with sel-
enomethionine. The expression and purification protocols
were the same as for the native protein.

Crystallization, Data Collection, and Processing—Crystalli-
zation was performed by the hanging drop vapor diffusion
method at 293 K using the Classics II and JCSG+ Suite com-
mercial screens (Qiagen). Crystals of the middle domain of
1pg1496 were obtained in approximately 1 week from a 1:1 mix-
ture of the protein solution (16.6 mg/ml) and the reservoir solu-
tion (0.1 M HEPES, pH 7.5, 25% (w/v) PEG 3350). Crystals of the
N-terminal domain were obtained by equilibrating a drop con-
sisting of 0.6 ul of Ipg1496 (residues 1-138) (15 mg/ml) and 0.6
wl of 0.2 M sodium formate and 20% (w/v) PEG 3350. Crystals of
1pg1496 (1-138) used for soaking experiments were obtained in
a 1:1 mixture of protein at 37.8 mg/ml and the mother liquor
(0.2 M sodium chloride, 0.1 m Bis-Tris, pH 6.5, 25% (w/v) PEG
3350). Soaking experiments with 3’,5'-cAMP were performed
by dipping the crystal into a solution of mother liquor contain-
ing 15 mMm 3',5'-cAMP for 20 min. Crystals of lpgl1496 (293—
580) were obtained overnight from a 1:1 mixture of the protein
solution (11 mg/ml) and the reservoir solution (1.1 M sodium
malonate, 0.1 m HEPES, pH 7.0, 0.5% (v/v) Jeffamine ED-2001).
Crystals of 1pg1496 (293-598) at 7.1 mg/ml were obtained in
condition #15 of the JCSG+ Suite (0.1 M Bicine, pH 9.0, 20%
(w/v) PEG 6000) in approximately 1 week. Crystals of the sel-
eno-L-methionine-labeled lpg1496 (293—598) were obtained in
one week from a 1:1 mixture of protein at 10 mg/ml with the
mother liquor (0.1 m Bis-Tris, pH 6.5, 20% (w/v) monomethyl
ether PEG 5000). 1pg1496 (154 —-598) was crystallized in 0.1 M
HEPES, pH 7.5, 25% (w/v) PEG 3350, and 5 mm ADP.

The crystals were cryoprotected with 10-25% glycerol or
ethylene glycol and flash-cooled in a N, cold stream. X-ray dif-
fraction data were collected using an ADSC Quantum 210 CCD
detector (Area Detector Systems Corp.) on beamline A1 at the
Cornell High-Energy Synchrotron Source (CHESS) at 0.9770 A.
Data processing and scaling were performed with HKL-2000
(Tables 1 and 2) (13).

Structure Determination and Refinement—The diffraction
data of the middle domain were phased using an anomalous
signal from selenium atoms by the single-wavelength anoma-
lous dispersion method, with the program SHELX (14). The
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initial model, consisting of >90% of the residues, was built with
ARP/wARP (15) and refined with Refmac5 (16).

The N-terminal domain structure (residues 1-138) was
determined by molecular replacement (MR) using the middle
domain of Ipg1496 as the search model. The initial model was
built by ARP/wARP (15) using phases from the MR solution.
Model building was completed with the help of the program
Coot (17) and was improved by several cycles of refinement
using Refmac5 (16).

The N-terminal domain structure in complex with 3',5'-
cAMP was determined by MR using 1pg1496 (1-138) as the
search model. The model was built by PhaserMR (18) and com-
pleted with Coot (17). Refmac5 was used to improve density
(16). The water molecules were added in the last stage of refine-
ment. The refinement statistics for the N-terminal half are in
Table 2.

Diffraction data of the 293-598 construct were phased using
single-wavelength anomalous dispersion with the program
PHENIX (19). The initial model was built using PHENIX (19),
improved using Coot (17), and further refined using PHENIX
(19).

Data from the 293-580 and 154 —598 constructs were phased
by MR using the lpgl496 (293-598) structure as the search
model. The initial model was built by ARP/wARP (15) and fur-
ther built with Coot (17). The final model was improved by
several cycles of refinement using Refmac5 (17). The refine-
ment statistics are shown in Table 1.

The final models have no outliers in the Ramachandran plot
computed using PROCHECK (20) and MolProbity (12). Coor-
dinates of the middle domain in 2 space groups (P2; and
P2,2,2,) and the N-terminal domain without and with 3',5'-
cAMP have been deposited in the Protein Data Bank with the
accession codes 5BTY, 5BTZ, 5BTW, and 5BTX, respectively.
Coordinates of the native SidE domain (293-580, 293—-598) and
its ADP-bound structure have been deposited in the Protein
Data Bank with the accession codes 5BU1, 5BUO, and 5BU2,
respectively.

NMR Spectroscopy—NMR resonance assignments of the
13C,'>N-labeled middle domain of lpg1496 were determined
using HNCACB and HN(CO)CACB experiments. The three-
dimensional heteronuclear experiments were recorded at 298
K on a Bruker 800 MHz spectrometer. The samples were pre-
pared as 400 um in 90% buffer A and 10% D,O. NMR spectra
were processed with NMRPipe (21) and analyzed with SPARKY
(22).

NMR titration experiments were performed at 303 K on a
Bruker 600 MHz spectrometer. For titrations with nucleotides,
NMR samples of the '*N-labeled lpg1496 (1-138) construct
were prepared as 0.17—0.20 mM in 90% buffer A and 10% D,O.
Samples of the middle domain of '°N-labeled 1pgl496 were
prepared as 135 um in 90% buffer A and 10% D,O. 'H,'*N
heteronuclear single quantum correlation spectroscopy
(HSQC) titrations were performed by the stepwise addition of
2',3"-cAMP, 3',5'-cAMP, 3',5'-cGMP, ATP, ADP, and AMP to
a final molar ratio of 1:10 of N-terminal Ipg1496 to ligand. The
N-terminal mutants were titrated with 3',5'-cAMP only.
'H,"N HSQC titrations were performed by stepwise addition
of ATP, ADP, AMP, and GDP to the middle domain to a final
SASBMB

OCTOBER 9, 2015 «VOLUME 290-NUMBER 41

Structure of the Legionella Effector, Ipg1496

molar ratio of 1:10 (50 for AMP). Minimal changes in volume
and pH were ensured throughout the sample preparations. The
NMR spectra were processed by NMRPipe (21) and analyzed
using SPARKY (22).

The affinities were measured by the calculations of the dis-
sociation constant (K;). Chemical shift changes were fitted to
Equation 1,

Ky + Prot + Liot = \(Ks & Prot + Ligt)? — 4Prot + Lot
max 2Pt0t

(Eq.1)

where Cis the chemical shift perturbation, C,,,,, is the chemical
shift perturbation at saturation, K, is the dissociation constant,
P, is the total concentration of the labeled protein, and L,, is
the total ligand concentration.

Malachite Green Assay—Phosphodiesterase assays were per-
formed in 96-well plates in 10 mm HEPES, pH 7.0, 100 pum
nucleotide (3'-AMP, 5'-AMP, ADP, ADP-ribose, 2',3"-cAMP,
3',5'"-cAMP, and 3',5'-cGMP) and 2.5 um full-length 1pg1496
to a total reaction volume of 75 ul. When necessary, 6 units of
alkaline phosphatase was used to release the phosphate group
for detection. The reaction was incubated at 37 °C for 15 min
and stopped by the addition of 43 ul of 28 mm ammonium
molybdatein 2.1 M H,SO, and 32 ul of 0.76 mm malachite green
in 0.35% polyvinyl alcohol (M, ~ 16,000). Free phosphate was
determined by measuring absorbance at 610 nm.

Results

The SidE Domain—Sequence analysis of the C terminus of
1pg1496 reveals sequence similarity to the N-terminal region of
the original members of the SidE family (SdeA, SdeB, SdeC, and
SidE) (Fig. 1, A and B). This domain is also found in other strains
of L. pneumophila such as Shakespearei and Longbeachae (Fig.
1C). Some proteins containing the SidE domain contained the
Vip2 domain, which is present in an actin-ADP-ribosylating
toxin family. These proteins confer virulence by modifying mono-
meric actin, resulting in depolymerization of the actin cytoskel-
eton and eventually leading to cell death (23).

The C-terminal domain of 1pg1496 (293-580) was crystal-
lized, yielding a high resolution structure of the SidE domain.
This construct diffracted to 1.6 A resolution with one SidE
domain in the asymmetric unit from Asp-298 to Lys-580. A
longer 293-598 construct was also crystallized and refined to
2.34 A (Table 1). Phasing was performed using the single-wave-
length anomalous dispersion method with selenomethionine-
labeled crystals. The structure contains two SidE domains in
the asymmetric unit with interpretable density for Asp-298 —
Leu-592 and Asp-298 —Ala-589, respectively, with an r.m.s.d. of
0.24 A over 264 Caatoms. The structures of both constructs are
very similar, yielding an r.m.s.d. of 0.58 A over 245 Ca atoms.

The general fold of the SidE domain consists of two mostly
a-helical lobes with a cleft in-between. The larger lobe com-
prises 11 «-helices, 1 «-helical turn, and 2 antiparallel
B-strands. The smaller lobe contains three a-helices (Fig. 24).

Putative Substrate Binding Site—A structural homology
search using the SidE domain of [pg1496 against the DALI data-
base (24) led to the identification of LmjPDEBI1, with a Z-score
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FIGURE 1. SidE sequence and structure. A, domain architecture of Ipg1496 (KLAMP1 in green, KLAMP2 in wheat, SidE in yellow). B, the occurrence of the SidE
domain in Legionella proteins. C, sequence alignment of the SidE domain of Ipg 1496 with other bacterial proteins. The secondary structure of the Ipg1496 SidE

domain is overlaid on top (cylinder = a-helix; arrow = B-sheet).

TABLE 1
Data collection and refinement statistics for the SidE domain
Data collection 293-580 293-598 154-598/ADP
Space group P2,2,2, P2,2,2, P1
Cell dimensions
a, b, c (A) 60.89, 71.47,77.00 71.98,77.23,109.38 56.87,69.71, 77.03
a, B,y () . 90, 90, 90 90, 90, 90 89.87,72.30, 70.31
Resolution (A) 50-1.60 (1.63-1.60)" 50-2.35 (2.39-2.35) 50-2.10 (2.14-2.10)
R, 0.093 (0.465) 0.169 (0.446) 0.098 (0.435)
ol 34.2 (8.5) 42,5 (11.4) 11.3(1.7)
Completeness (%) 99.9 (99.9) 99.8 (100) 95.0 (78.3)
Redundancy 14.4 (14.2) 13.0 (12.7) 2.6 (2.5)
Refinement
Resolution (A) 29.6-1.60 37.9-2.35 72.9-2.11
No. reflections 42,595 25,991 54,209
Ry Rivee 0.161/0.191 0.239/0.293 0.229/0.273
No. atoms
Protein 2306 4653 9242
Water 414 220 121
Nucleotide 141
B-factors
Protein 15.32 27.23 37.57
Water 30.84 28.18 35.17
Nucleotide 44.66
r.m.s.d. .
Bond lengths (A) 0.017 0.002 0.007
Bond angles (°) 2.019 0.651 1.212
Ramachandran statistics (%)
Most favored regions 96.3 96.2 96.0
Additional allowed regions 3.7 3.8 4.0

“ The highest resolution shell is shown in parentheses.

of 9.2 and r.m.s.d. of 3.3 A. LmjPDEB1 is a cAMP-specific cyclic
nucleotide phosphodiesterase (PDE) found in Leishmania
(PDB code 2R8Q) (Fig. 2A4) (25). It requires the binding of two
divalent metal ions (zinc and magnesium) for activity. Half of
the residues involved in metal coordination are conserved
between LmjPDEBI (His-685, His-721, Asp-722, Asp-835) and
lpg1496 (His-370, Ser-412, Val-413, His-504). The presence of

24730 JOURNAL OF BIOLOGICAL CHEMISTRY

serine and valine instead of histidine and aspartate explains why
there are no metal ions in the Ipg1496 structure (Fig. 2B). Of the
two histidines involved in catalysis in LmjPDEBI, one is con-
served in lpg1496 (His-366), whereas the other is substituted
with arginine (Arg-416). These two conserved histidines, His-
370 for metal coordination and His-366 for catalysis, are also
conserved among the human PDEs (25).
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FIGURE 2. SidE ADP binding. A, structural similarity of the SidE domain of Ipg1496 (yellow) and LmjPDEB1 (PDB code 2R8Q, purple). B, superposition of the
active site of LmjPDEB1 (purple) and Ipg 1496 (yellow), with important catalytic residues labeled for [pg1496. C, surface charge representation of the SidE domain
(blue = positive, red = negative) with the bound ADP (gray). D, the SidE domain forms the most consistent polar contacts with the ribose ring of ADP. Two
conserved histidines with LmjPDEB1 and human PDEs are involved in hydrogen bonds (His-370 and His-366).

Overall, the SidE domain is structurally a member of a super-
family of metal-dependent phosphohydrolases, named HD for
the presence of a conserved histidine and aspartate involved in
coordination of divalent cations. HD domains have demon-
strated phosphatase, nucleotide triphosphatase, phosphodies-
terase, and ribonuclease activities (26). In the case of lpg1496,
His-504 and Asp-505 are part of the potential active site that
was identified by alignment with LmjPDEB1 (Asp-835 and Val-
836). To test for putative phosphatase and phosphodiesterase
activity, malachite green assays were performed against
3'-AMP, 5'-AMP, ADP, ADP-ribose, 2',3'-cAMP, 3',5"-cAMP,
and 3',5-cGMP. 1pgl496 did not show significant activity
against any nucleotide (data not shown). This may be explained
by the lack of metal binding in addition to other differences in
active sites between 1pg1496 and known PDEs.

The SidE Domain of lpg1496 Binds Nucleotides—To deter-
mine whether the C-terminal SidE domain nonetheless binds
nucleotides, we set up crystallization screens for Ipg1496 (154 —
598) in the presence of ADP or 3',5'-cAMP. Crystallization tri-
als with ADP produced crystals in the P1 space group that dif-
fracted to 2.1 A with interpretable density for the conserved
C-terminal SidE domain (Table 1). No density was observed for
residues 154 —297. There were four molecules in the asymmet-
ric unit, all of which contained bound nucleotide. Three mol-
ecules showed the complete ADP nucleotide, whereas one
only had interpretable density for the ribose moiety (Fig. 2C).
Although Ipgl1496 does not have phosphatase activity, its
SidE domain is capable of binding ADP. However, the bind-
ing was not detected by isothermal titration calorimetry
measurements.

SASBMB
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An overlay of the four chains shows that this domain forms
the most consistent polar contacts with the ribose ring. Arg-510
and His-366 form hydrogen bonds with O,’, His-370 with O3/,
and Arg-416 with O4' (Fig. 2D). The phosphates of ADP are
generally stabilized by interactions with the main chain amides.
The ADP-bound C-terminal domain structure shows that the
putative substrate binding site of Ipg1496 is in fact shifted closer
toward the metal binding sites of previously characterized
PDEs, adding to the possibility that Ipg1496 is involved in ADP-
ribosylation rather than in the cleavage of phosphoester bonds.

Ipg1496 Contains Two Homologous Domains in the N-termi-
nal Half—To further understand 1pg1496, we looked into the
previously uncharacterized ~300-residue N-terminal half of
the protein (Fig. 14). Sequence similarity searches identified
two repeats of ~120 residues (residues 8—116 and 162-277)
displaying 32% sequence identity (Fig. 3A). Limited proteolysis
experiments showed that these regions form independently
folded domains. Trypsin digestion of the C-terminal fragment
of Ipg1496 containing residues 154 —-598 generated two stable
fragments of ~16 and 35 kDa (data not shown). The fragments
could be separated by size-exclusion chromatography. The
35-kDa fragment corresponds to the SidE domain, whereas the
16-kDa fragment was later characterized as the middle domain
of Ipg1496.

A BLAST sequence similarity search using the N-terminal
sequence of Ipg1496 found a number of other proteins, notably
a previously uncharacterized region of histidine kinase-like
ATP binding region-containing bacterial proteins and the
C-terminal domain of bacterial S-adenosylmethionine-depen-
dent methyltransferases (Fig. 34). We propose to term the

JOURNAL OF BIOLOGICAL CHEMISTRY 24731

GTOZ ‘02 J20q0100 uo uoibulysepn Jo AiseAiun e /B1o-ogl mmmw//:dny wouy papeojumoq


http://www.jbc.org/

Structure of the Legionella Effector, Ipg1496

A B1 B2

al B3 4

* ok

1pgl496 1 MVTKIIWVSNNGKPNLKIEF-=—=e—e=- VSEEEKSNFFKEVKKKASELGLNF---PLVQOGSGNSLLIEASNYPINP
1pgl496 155 SSISISAIGNVDSPMIRITF-———————— ONQTEREFFLNKITDKAKSLGVNISTHPFEIKEPNMVLIKPSKYPDNK
HATPase 157 HGTIVLWRRLNGYHVDAVTV--——————-) EDERTQKQFYAEAARTESHLGMVF —~-ARFLAGGRRRNLRVSGTPVEP
CbiE 252 HRGALLWDIGAGSGSIGIEWMLLDPANKTIAIESRADRAERISRNARALGVPDL--IVVQGKAPEALA---NLP-RP

consensus ++W G + T

B5 6 a2

—am) e D - -)

* *

+ + F+ ++ + A LG+ ot

L++ S P +P

B7 B8 B9
)

* Kk ok

1pgl496 66 CGCYIS—=====—— PGGKLAINFGKVELSHFILPKVGVKTEHAEI - —————~ FKDHNTIFFHKH-KLPGVNSELTFI
1pgl496 223 LGCYIS—==————- KNKEIAINFGRTDFRDFVLSNLGVGSHLGTC~---PTKNETGNDTFYFHQE-NLSLNGPALSVN
HATPase 222 WDPFLSRHPSVQPLPVERLPLGSGSVRVEAFVLPSAQRLAPAEYEKAGGPRGWLDQQGFYVYRRDRLILAGDWLGQR
CbiE 323 DGIFIG-========== GGASQPGLIEQALAALPKGGRLVVHAVT —==———~ LETEATLFHHYQ-ALGGDLIRLAIS
G++IS A G ++

consensus

B

J

F+LP G

T++ H L L

FIGURE 3. KLAMP sequence and structure. A, sequence alignment of [pg1496 domains with predicted ATPase from Streptomyces pratensis (WP_014153402)
and precorrin-6y methyltransferase CbiE from Beijjerinckia indica (WP_012386418). Secondary structure is shown according to Ipg1496 domain structures.
Residues involved in binding of 3’,5’-cAMP by KLAMP1 of Ipg1496 are marked with asterisks. B, schematic representation of the KLAMP1 domain structure,
color-coded from the N terminus (blue) to C terminus (red). C, overlay of structures of KLAMP2 (wheat) and KLAMP1 (faint green) shows high similarity of

secondary structure regions with differences in loop conformations.

domain family as KLAMP domains for their presence in histi-
dine kinase-like ATP binding region-containing proteins and
S-adenosylmethionine-dependent methyltransferase proteins.
Thus, Ipg1496 contains two KLAMP domains (KLAMP1 and
KLAMP2) and a C-terminal SidE domain (Fig. 1A).

Crystallization trials with the second KLAMP domain of
1pg1496 produced crystals in the P2, space group that diffracted
to 1.15 A. The structure was solved using single-wavelength
anomalous dispersion (Table 2). The structure contains one
KLAMP molecule with density from Asp-154 to Thr-288. Crys-
tals were also obtained in the P2,2,2, space group with nearly
identical structure (r.m.s.d. of 0.2 A over 117 Ca atoms), con-
firming that the observed structures were not influenced by
crystal contacts.

We also determined the structure of the first KLAMP
domain. lpg1496 (residues 1-138) yielded crystals that dif-
fracted to 1.2 A using synchrotron radiation (Table 2). The
asymmetric unit contains two molecules consisting of residues
Met-1-Val-132 and Met-1-Pro-131, respectively. The struc-
tures of KLAMP1 and KLAMP2 domains are very similar, dis-
playing r.m.s.d. of 1.2 A over 90 Ca atoms (Fig. 3C).

The structure of the KLAMP domain consists of two anti-
parallel a-helices (al-a2) flanked by a five-stranded anti-par-
allel B-sheet (89-B1-B2-B4-33) on one side and a four-stranded
anti-parallel B-sheet on the other side (85-37-86-38) (Fig. 3B).
This arrangement leaves the opposite sides of both B-sheets
solvent-exposed. The biggest difference between the two
KLAMP structures is the conformation of two loops between
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al and B3 and between B7 and B8, which are longer in
KLAMP2. Three cis-proline residues are found in KLAMP2:
Pro-202 in the loop between al and 33, Pro-208 in the loop
between 33 and 34, and Pro-219 in the loop between 84 and f35.
This is an interesting feature of the structure, as cis-proline
residues are not very common in protein structures. In
KLAMP1, Pro-62 and Pro-79 are conserved and correspond to
Pro-202 and Pro-219, respectively, but only Pro-62 is in cis con-
formation. The conformation of the 4-35 loop is different
between the two domains, which can be partly attributed to the
trans-conformation of Pro-79.

Structural similarity search with the program DALI (24)
using the middle domain of Ipg1496 shows that the KLAMP
fold is relatively novel. The highest similarity hit was to a mixed
a- B protein, pterin dehydratase-like protein (PDB code 4LOW)
with a low Z-score of 4.7.

KLAMP Domains of lpgl496 Bind Nucleotides—The pres-
ence of KLAMP-like sequences in proteins predicted to bind
ATP suggested that we test the KLAMP2 domain for binding to
nucleotides. We used '*N-labeled middle domain of lpg1496
and obtained its "H,'®N correlation spectrum. The spectrum
showed well dispersed signals for backbone amides, character-
istic of a well folded protein. NMR titrations were performed by
a stepwise addition of potential nucleotide ligands monitored
by HSQC experiments (Fig. 4A4).

Titration of the KLAMP2 domain of lpgl496 with ATP
resulted in chemical shift changes of roughly 20 backbone
amides, indicating specific binding to the domain. The affinity
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TABLE 2
Data collection and refinement statistics for KLAMP1 and KLAMP2
Data collection KLAMP1 KLAMP1/3'5'-cAMP KLAMP2 KLAMP2
Space group P2, P2, P2, P2,2,2,
Cell dimensions
a, b, c(A) 32.41, 56.92, 60.18 32.62,57.45, 63.78 41.80, 35.91, 43.66 36.14, 44.07, 77.53
o B,y () . 90, 91.18, 90 90, 93.32, 90 90, 104.7, 90 90, 90, 90
Resolution (A) 50-1.20 (1.22-1.20)* 50-1.75 (1.78-1.75) 50-1.15 50-1.60 (1.63-1.60)
Ry, 0.056 (0.567) 0.076 (0.497) 0.068 (0.437) 0.057 (0.406)
I/ol 439 (2.8) 39.0 (5.3) 432 (3.1) 49.7 (4.9)
Completeness (%) 92.7 (84.3) 89.2 (92.3) 92.0 (57.9) 99.9 (100.0)
Redundancy 7.7 (6.0) 6.6 (6.4) 7.4 (5.3) 8.6 (8.7)
Refinement
Resolution (A) 60.17-1.20 63.67-2.10 40.5-1.15 38.8-1.60
No. reflections 60,366 12,544 39,061 16,100
Riyoric/ Riree 0.158/0.180 0.238/0.292 0.169/0.192 0.199/0.231
No. atoms
Protein 2,138 2,087 1,071 1,043
Water 207 107 200 130
Nucleotide 44
B-factors
Protein 14.0 21.3 115 13.0
Water 21.0 34.8 22.8 33.4
Nucleotide 38.6
r.m.s.d. .
Bond lengths (A) 0.012 0.011 0.005 0.006
Bond angles (°) 1.46 1.64 1.12 1.03
Ramachandran statistics (%)
Most favored regions 95.1 94.4 99.2 97.6
Additional allowed regions 4.9 5.6 0.8 2.4
“ The highest resolution shell is shown in parentheses.
A B
15N, @ . K217
ppm ADP ' g 30
Y226 s
124 S © e v218
228 = 1
¥ en . & & _
126 A * @ \9 8
® 0 \ :
1281 Q74 K222 5 1.0 K, 1097 uM
L212 159 = >
130 1172
(5]
98 96 94 92 1H ppm 0 0.4 0.8 1.2
[ligand], mM

FIGURE 4. KLAMP2 ADP binding. A, downfield region of HSQC spectra of '>N-labeled KLAMP2 domain titrated with increasing amounts of ADP at 0 mm (red),
0.13 mm (yellow), 0.26 mm (green), 0.63 mm (blue), and 1.18 mm (purple). The spectra show specific chemical shift changes for a number of signals. B, K, of the
binding estimated from a fit of the "N chemical shift changes for two assigned and one unassigned signal that show large chemical shift changes. C, mapping
of the chemical shifts measured onto the structure of the KLAMP2 domain. Red indicates largest chemical shift changes; white indicates no change detected.
The most affected surface is centered on the 34-B5 loop and strands 85 and 36. D, model of an ADP-bound KLAMP2 domain based on the 3',5'-cAMP/KLAMP1
structure, with residues important for binding shown.

of the interaction can be estimated by a fit of chemical shift the addition of ADP with a K, of 109 = 7 um (Fig. 4, A and B),
changes of NMR signals versus ligand concentration. Using sev- ~ whereas titration with AMP produced much smaller spectral
eral signals with the biggest chemical shift changes, the disso- changes with a K, 0of 1500 = 200 uM. There is a preference for a
ciation constant (K;) of ATP binding was estimated to be 800 =  diphosphate group in the nucleotide binding site of KLAMP2.
150 M. Even larger chemical shift changes were observed upon ~ To test the base specificity, we titrated the '°N-labeled middle
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FIGURE 5. KLAMP1 3',5'-cAMP binding. A, downfield region of HSQC spectra of the '*N-labeled KLAMP1 domain show specific changes upon titration with
increasing amounts of 3',5'-cAMP at 0 mm (red), 0.20 mm (yellow), 0.39 mm (green), 0.57 mm (blue), and 1.67 mm (purple). B, K, of the binding estimated from a
fit of the '°N chemical shift changes for several signals with the largest chemical shift changes. The NMR resonances of the KLAMP1 domain have not been
assigned. G, surface charge representation of the KLAMP1 domain (blue = positive, red = negative) with the bound 3’,5'-cAMP (gray). D, principal contribution
to the binding comes from m-stacking of Tyr-61 and Tyr-69 with the adenine ring of cyclic nucleotide. Interaction is stabilized by hydrogen bonds (dash lines)
between 3’,5’-cAMP and the side chains of Ser-59, Tyr-61, Asn-79, His-106, and Thr-108.

domain of lpgl496 with GDP. The addition of GDP did not
result in spectral changes (data not shown), indicating a clear
preference of KLAMP?2 for binding adenine nucleotides.

NMR binding studies can identify the ligand binding site on a
protein via a residue-specific assignment of NMR signals and
mapping the binding-induced spectral changes on the three-
dimensional structure. We prepared >C,'*N-labeled KLAMP2
and assigned the backbone amides using standard heteronu-
clear NMR experiments. The residues showing the biggest
chemical shift changes upon ADP addition are Leu-223 (0.80),
Tyr-218 (0.77), Lys-217 (0.75), Gly-238 (0.42), Gly-224 (0.36),
Tyr-226 (0.31), Ile-227 (0.30), and Ser-216 (0.28). Mapping of
the chemical shift changes on the structure identifies a pocket
formed by the B-sheet B5-B7-6-88 and the surrounding loops
(B4-B5, B5-B6, and «2-B8) (Fig. 4C). Some of the biggest
changes come from the residues in the 84-B5 loop, suggesting
the loop is involved in nucleotide binding.

We hypothesized that the N-terminal KLAMP1 domain also
binds nucleotides. NMR titrations using the same set of ligands
(ATP, ADP, AMP, and GDP) revealed a preference of KLAMP1
for ADP, albeit with significantly lower affinity. The K, of ADP
binding was estimated to be 800 £ 250 um, whereas the affinity
toward other nucleotides was much lower and could not be
reliably measured. Unexpectedly, titration of '°N-labeled
KLAMP1 with 3',5'-cAMP resulted in large chemical shift
changes for a number of signals, showing binding with a K,
estimated to be 280 * 32 um (Fig. 5, A and B). Although
sequence-specific signal assignments were not obtained for the
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KLAMP1 domain, the changes in the spectrum were similar,
suggesting that KLAMP1 and KLAMP2 bind nucleotides in a
similar fashion. The binding of the cyclic nucleotide is specific,
as the NMR titration of KLAMP1 with 2',3"-cAMP displayed
no interaction. In addition, no binding was observed upon the
addition of 3',5'-cAMP or 2',3’-cAMP to KLAMP2. These
experiments show that KLAMP1 and KLAMP?2 are nucleotide
binding domains but with differing specificities: KLAMP1 for
3",5'-cAMP and KLAMP2 for ADP.

Molecular Determinants of 3',5'-cAMP Recognition by
KLAMPI1—To understand the molecular basis of nucleotide
binding by the KLAMP domains, we soaked the crystals of
KLAMP1 and KLAMP2 with 3’,5'-cAMP and ADP, respec-
tively. The electron density map of the KLAMP1 crystal soaked
with 3’,5'-cAMP showed easily interpretable density for the
nucleotide, and the structure of the complex of KLAMP1 with
3',5'-cAMP was refined to 2.1 A (Table 2). The adenine ring fits
snugly into a narrow ridge formed by the 34-85 loop and the
B-strand B5 (Fig. 5C). Three KLAMP1 residues are directly
involved in the recognition of the adenine ring. Two tyrosine
side chains (Tyr-61 and Tyr-69) provide m-stacking interac-
tions with the adenine ring, whereas the N1 atom of adenine is
hydrogen-bonded with the side chain of Ser-59 (Fig. 5D). Com-
parison of the nucleotide-bound and unliganded KLAMP1
structures reveals movement of the 34- 5 loop, which closes on
the nucleotide upon binding and presents Tyr-61 as a major
binding determinant. Three residues are engaged in polar con-
tacts with the ribose ring of nucleotide. The side chain of Tyr-61
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hydrogen bonds with the oxygen atom of the ring, whereas the
side chains of Asn-79 and Thr-108, both, bind 2’OH. Finally,
the O, atom of the phosphate group forms a hydrogen bond
with the side chain of His-106.

We mutated residues Tyr-61 and Tyr-69 to test their roles in
nucleotide binding. NMR spectra of the Y61A and Y69A
KLAMP1 mutants are very similar to the wild-type protein,
confirming that they are still well folded. However, NMR titra-
tions of the '*N-labeled mutants with 3’,5'-cAMP yielded no
spectral changes, confirming that these mutations abolished
binding (data not shown).

The structure explains similarities and differences in the
nucleotide binding specificities of KLAMP domains. An overlay
reveals the residues involved in adenosine recognition are
strictly conserved, as Tyr-218, Tyr-226, and Ser-216 of
KLAMP2 correspond to Tyr-61, Tyr-69, and Ser-59 of
KLAMP1 (Fig. 3A). Even the KLAMP1 residues involved in
forming hydrogen bonds with ribose (Asn-79, Thr-108, and
Tyr-61) are conserved in KLAMP2 (Asn-236, Thr-269, and
Tyr-218) (Fig. 4D). Furthermore, the complex structure
explains why the KLAMP domains will not recognize guanine
and pyrimidine rings. Compared with adenine, guanine has an
extra NH, group that will push the ring out of the binding site.
NMR titrations experimentally verified that GDP and 3',5'-
c¢GMP do not interact with the KLAMP domains. On the other
hand, pyrimidines (cytosine and thymine) possess smaller
rings, which will not reach the conserved serine for hydrogen
bonding and would also result in insufficient stacking with the
tyrosines.

The specificity of KLAMP1 and KLAMP2 for different ade-
nine-containing ligands results from two structural differences.
One of them is a rather subtle substitution of Phe-110 in
KLAMP1 for Tyr-271 in KLAMP2. A tyrosine residue in this
position would clash with the phosphate of 3',5'-cAMP,
whereas a phenylalanine residue is in close contact with this
phosphate (Figs. 5D and 4D). KLAMP2 also possesses a larger
B7-138 loop, which would also clash with the 3',5'-cAMP phos-
phate group. The position of this phosphate group also explains
the specificity of KLAMP1 for 3’,5'-cAMP as opposed to 2',3'-
cAMP, whose binding would be obstructed by the side chains of
Phe-110, Thr-108, and Tyr-69.

KLAMP?2 is highly selective against binding cyclic nucleo-
tides, but among the non-cyclic adenosine phosphates there is
increasing affinity for AMP, ATP, and ADP. Analysis of the
structure suggests that the length of two phosphates may allow
ADP to reach the 7-B8 loop and form a hydrogen bond with
Thr-265. The third phosphate of ATP could be repelled by Glu-
264, whereas AMP is too short to make any contact with the
loop.

Discussion

Here, we have identified a novel KLAMP domain that is pres-
ent in two copies in the N-terminal half of Ipg1496, a L. pneu-
mophila effector. Based on sequence similarity, a similar
domain is also found in histidine kinase-like ATP binding
region-containing proteins and S-adenosylmethionine-depen-
dent methyltransferase proteins. The structures of the domains
from lpg1496 are very similar to each other but do not display
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significant structural similarity to other known protein struc-
tures. More significantly, we demonstrate using NMR that both
domains bind nucleotides, albeit with different specificity.

Sequence alignment of KLAMP1/2 of 1pgl496, histidine
kinase-like ATP binding region-containing protein, and
S-adenosylmethionine-dependent methyltransferases high-
light the importance of several conserved residues. Ser-59 of
1pg1496 that hydrogen bonds with the adenine ring through N1
is generally conserved. Aromaticity is also conserved at the
Tyr-69 position with either tyrosine or phenylalanine for
m-stacking with adenine. Polar contacts with the 2’OH atom of
the ribose ring is conserved in Thr-108. This suggests that all
domains of the identified family may interact with adenosine-
containing molecules.

Specificity of the KLAMP1 domain of lpg1496 for 3',5'-
cAMP is intriguing. Lipopolysaccharides (LPS) found on the
cell wall of Gram-negative bacteria contribute to the activation
of host inflammatory responses but also serve to promote sur-
vival of the bacterium (27). For example, LPS induces arachi-
donic acid release, which in turn is metabolized to prostaglan-
dins and leukotrienes. Increased release of prostaglandin E, has
been detected after activation of macrophages with LPS (28).
Prostaglandin E, suppresses microbicidal activity of macro-
phages through Gg-coupled receptors, increasing adenylyl
cyclase activity and effectively increasing intracellular cAMP
levels. cAMP functions as a secondary messenger influencing
numerous cellular functions, acting through the downstream
effectors, protein kinase A, and Epac-1 and -2. Through cAMP,
prostaglandin E, inhibits the microbicidal production of reac-
tive oxygen intermediates by NADPH oxidase (29). In sum-
mary, elevated cAMP levels result in increased bacterial sur-
vival in macrophages.

Comparison with other protein structures in complex with
3',5'-cAMP shows that in many cases adenine recognition ele-
ments involve 7-stacking with a tyrosine or phenylalanine res-
idue, whereas KLAMP1 simultaneously uses two tyrosines for
w-stacking with adenine. To our knowledge there is only one
other structure in the Protein Data Bank, where the adenine
ring is sandwiched between two aromatic residues (both
tyrosines) providing 7r-stacking interactions (PDB code 1LPC)
(30). However, in KLAMP1 one of the tyrosines (Tyr-61) addi-
tionally hydrogen-bonds to the oxygen of the ribose ring,
increasing its importance in ligand recognition.

We have also crystallized the conserved C-terminal SidE
domain of 1pg1496 that is found in the N-terminal region of
members of the original SidE family. Bioinformatics analyses
highlight a potential function for Ipg1496, as this domain can be
found in combination with the ADP-ribosylating domain, Vip2.
In addition, we have crystallized the catalytic SidE domain in
complex with ADP in a possible substrate binding site. An over-
lay of this structure with a structurally similar phosphodiester-
ase shows that this binding occurs in a shifted catalytic pocket,
explaining the inactivity of Ipg1496 against cyclic nucleotides.

Taken together, all three domains of Ipg1496 are capable of
binding nucleotides, pointing toward a connection with nucle-
otide metabolism (Fig. 6). The importance of nucleotide bind-
ing for Ipgl496 function can be tested in future cell-based
assays using mutations of key residues identified here: Tyr-61
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KLAMP1

3,5"-cAMP

Ligand KLAMP1 KLAMP2 SidE
ATP No binding 8001150 uM Not determined
ADP 800+250 uM 10917 uM Co-crystal
AMP No binding 15004200 uM Not determined
GDP No binding No binding Not determined
3’,5’-cAMP 280432 uM No binding Not determined
2’,3’-cAMP No binding No binding Not determined

FIGURE 6.1pg1496 structure and characterization. Schematic model of the arrangement of the KLAMP and SidE domains in Ipg 1496 with nucleotides bound.
A model of ADP bound to KLAMP2 is shown. A summary of the binding affinities measured by NMR titration is presented for the KLAMP domains.

and Tyr-69 for 3',5'-cAMP/KLAMP1, Tyr-218 and Tyr-226 for
ADP/KLAMP2, and His-366 and His-370 for ADP/SidE. The
discovery of KLAMP domains, a novel nucleotide binding fold,
will have implications for understanding the function of other
KLAMP-domain containing proteins.
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