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Abstract: Pll constitutes a family of signal transduction proteins that act as nitrogen sensors in
microorganisms and plants. Mycobacterium tuberculosis (Mtb) has a single homologue of PII
whose precise role has as yet not been explored. We have solved the crystal structures of the Mtb
PIl protein in its apo and ATP bound forms to 1.4 and 2.4 A resolutions, respectively. The protein
forms a trimeric assembly in the crystal lattice and folds similarly to the other PIl family proteins.
The Mtb PII:ATP binary complex structure reveals three ATP molecules per trimer, each bound
between the base of the T-loop of one subunit and the C-loop of the neighboring subunit. In
contrast to the apo structure, at least one subunit of the binary complex structure contains a
completely ordered T-loop indicating that ATP binding plays a role in orienting this loop region
towards target proteins like the ammonium transporter, AmiB. Arg38 of the T-loop makes direct
contact with the y-phosphate of the ATP molecule replacing the Mg?* position seen in the
Methanococcus jannaschii GInK1 structure. The C-loop of a neighboring subunit encloses the
other side of the ATP molecule, placing the GInK specific C-terminal 34 helix in the vicinity.
Homology modeling studies with the E. coli GInK:AmtB complex reveal that Mtb PIl could form a
complex similar to the complex in E. coli. The structural conservation and operon organization
suggests that the Mtb Pll gene encodes for a GInK protein and might play a key role in the
nitrogen regulatory pathway.
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Introduction

The PII family of small signal transduction proteins
plays a pivotal role as nitrogen sensors in both micro-
organisms and plants.'? Nitrogen sensing is achieved
by regulating the intracellular nitrogen to carbon ra-
tio represented largely by glutamine and 2-oxogluta-
rate (20G), respectively. Intracellular nitrogen regu-
lation is carried out by direct and indirect control of
glutamine synthetase (GS) activity through the PII
proteins. E. coli has two homologues of the PII pro-
tein, GInB (also referred to as PII), encoded by the
ginB gene, and GInK, encoded by the ginK gene.
Under nitrogen limiting conditions, E. coli GInB is
uridylylated at a conserved Tyr51 residue by a uri-
dylyl transferase (GInD), and then interacts with
adenylyl transferase to directly activate GS through
deadenylylation.>* Conversely, under nitrogen rich
conditions, E. coli GInB is deuridylylated by GInD,
and then interacts through the adenylyl transferase
to deactivate GS by adenylylation. GInB has also
been shown to form a direct complex with GS in its
activation/deactivation cycle in Archaeal Methanosar-
cina mazei.® In the indirect control system, E. coli
GInB interacts with the two component signal trans-
duction system proteins, NtrB and NtrC, to regulate
the transcription of the gene ginA which encodes for
GS.%" When GInB is deuridylylated it can interact
with a histidine kinase, NtrB, which regulates the
phosphorylation state of NtrC, controlling the expres-
sion of glnA. Thus GInB is indispensible to the path-
way of nitrogen control in E. coli.

GInK is another PII homolog that plays an
essential role in the nitrogen control systems of sev-
eral organisms including E. coli®°. In all known
instances the ginK gene lies in an operon immedi-
ately adjacent to the amiB gene'® which codes for
the integral membrane protein, AmtB, that acts as
ammonia/ammonium channel.’* Under nitrogen rich
conditions in E. coli the GInK trimer complexes with
the AmtB trimer blocking the influx of ammonium
into the cellular cytoplasm.®'? Complex formation
between the GInK protein and AmtB is modulated
by the presence of effector molecules like ATP, ADP,
and 20G and is also affected by the post-transla-
tional modification of the crucial Tyr51 residue
present on the functionally important T-loop of the
GInK protein.'? In the E. coli GInK, the Tyr51 resi-
due is uridylylated by the GInD enzyme, but in the
Gram-positive soil bacteria Corynebacterium gluta-
micum and Streptomyces coelicolor GInD has been
shown to act as an adenylyl transferase, adenyly-
lating instead of uridylylating the GInK protein at
this conserved Tyr51 residue.'®'® Under nitrogen
limiting conditions, the GInK protein is uridyly-
lated/adenylylated at the Tyr51 residue, which pre-
vents its interaction with AmtB allowing an unhin-
dered flow of extracellular ammonium into the cell
through AmtB.¢
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The AmtB:GInK complex is also implicated in
the membrane sequestration of enzymes involved in
nitrogen fixation, such as the glycohydrolase DraG
in Azospirillum brasilense.'™® A ternary complex
of the AmtB:GInK with the nitrogen stress tran-
scription factor, TnrA, has also been reported in Ba-
cillus subtilis.'® Similarly, in Corynebacterium glu-
tamicum, GInK interacts with transcriptional
repressor AmtR,2° and in Streptomyces coelicolor an
OmpR type transcriptional activator, GInR, has
been shown to regulate the expression of gink,
amtB, ginA and ginD.?'"2® Thus the AmtB:GInK
complex is capable of functioning with other protein
partners like DraG and TnrA to achieve nitrogen
regulation and therefore the complex formation is
tightly regulated by the presence of effector mole-
cules or post-translational modification at Tyr51 on
the T-loop. The PII protein can also complex with
N-acetylglutamate kinase (NAGK) to regulate argi-
nine biosynthesis, as seen in the Arabidopsis thali-
ana®* and Synechococcus elongates®® PII-NAGK
complex structures.

Mycobacterium tuberculosis (Mtb) has a single
PII homolog, Rv2919¢.2% The PII gene was found to
be essential for survival in primary murine macro-
phages by transposon site hybridization (TraSH) in
H37Rv.?" Its essentiality, its roles in nitrogen regula-
tion, and its absence in humans makes PII an
attractive drug target in Mtb, the causative agent of
tuberculosis (TB). The Mtb PII gene was annotated
ginB based on its higher sequence homology to
E. coli GInB (www.webTB.org). However, it exists in
an operon with ginD-PIl-amtB (Rv2918c-Rv2919c-
Rv2920c) leading to speculation that it might encode
for a GInK protein on the basis of the operon organi-
zation observed in other microorganisms.? The appa-
rent ambiguity requires clear structural and bio-
chemical data to confirm its identity. As part of the
Mtb structural genomics consortium, we have solved
the crystal structure of this protein, both in the apo
and ATP bound forms, with the aim of understand-
ing its true identity (and hence its role) in Mtb,
potentially opening avenues for inhibition studies.?®
The crystal structures presented in this report pro-
vide important structural and functional insights
into the role of M¢b PII as GInK.

Results and Discussion

Structure of the Mtb apo PII protein

The crystal structure of the Mtb apo PII protein was
solved at 1.4 A resolution by molecular replacement
using the E. coli apo GInK structure (PDB ID: 1GNK)
as the search model. The x-ray diffraction data collec-
tion and refinement statistics are in Table I. The crys-
tallographic asymmetric unit contains one subunit,
however a homotrimer with identical subunits is
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Table 1. Crystallographic and Refinement Statistics

Mtb apo PII Mitb PIL:ATP

PDB ID 3BZQ 3LFO0
Data collection

Space group . R3 P45 2, 2

Wavelength (A) 0.96 0.98

Temperature (K) 100 100

a(A) 77.15 69.74

b (A) 77.15 69.74

c(A) 51.84 146.68

o (?) 90 90

B ) 90 90

v (©) 120 90

Resolution (A)

Unique reflections

% completeness

R (merge)

(I/sT)
Refinement

R value (%)

Free R value, random, 5%

Molecules per asymmetric unit

Protein residues

ATP molecules

Rmsd bond length (A)

Rmsd bond angle (A)a .

Rmsd between subunits (A)
Residues ¢-\ angles

Most favored (%)

Allowed (%)

Generously allowed/Disallowed (%)

1.40 (1.40-1.44)
21338 (1595)
99.10 (100.0)

2.40 (2.40-2.46)
14020 (982)
99.78 (97.92)

0.06 (0.35) 0.07 (0.63)
23.94 (7.77) 12.20 (2.02)
20.80 21.57
22.60 29.21
1 3
99 312
0 3
0.006 0.017
1.007 1.862
- 0.31, 0.39, 0.45
98.80 96.60
1.20 3.40
0.0 0.0

# Deviations from restraint targets.

formed in the crystal lattice [Fig. 1(A)]. Size exclusion
chromatography confirmed that the M¢b PII protein
exists as a trimer in solution (data not shown).

The structural features of the PII family of pro-
teins from different organisms are well conserved in
the Mtb PII structure (Fig. 1). The r.m.s.d. of a sub-
unit of Mtb apo PII with E. coli GInB (PDB ID:
2PII) is 0.78 A (for 86 Co atom pairs—excluding res-
idues 36 to 55 and 109 to 112)*° and the r.m.s.d.
with E. coli GInK (PDB ID: 1GNK-subunit A) is
0.70 A (for 91 Co atom pairs—excluding residues 26
and 36 to 55).2° Figure 1(B) shows a subunit of the
Mtb apo PII protein with the respective secondary
features labeled.>° In each subunit, connecting
strands B2 and B3, is a large loop region of 20 resi-
dues that extends out from the main body of the
molecule, designated the T-loop (Tyr36 to Phe55).
The flexible region of this T-loop, encompassing res-
idues GIn39 through Val53, is disordered in the
electron density map and is therefore omitted from
the final model of the M¢b apo PII structure. The
rest of the molecule, including the smaller loop (B-
loop) connecting helix a2 and strand P4 is fully or-
dered. The C-terminal residues extend out from the
B4 strand to form a C-loop (Asp97 to Leull2) and
has a 319 helix embedded within it between Gly108
and Alalll, consistent with other PII like protein

structures.16-24:30-35
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Structure of the ATP bound Mtb PII protein

The Mtb PIL:ATP binary complex crystals were
obtained by co-crystallization. X-ray data was col-
lected to 2.4 A resolution and the structure was
solved by molecular replacement using the Mtb apo
PII structure (PDB ID: 3BZQ) as the search model
(Data collection and refinement statistics are pre-
sented in Table I). Unlike the Mtb apo PII protein
and the ATP bound E. coli GInK, which have a sin-
gle subunit in the asymmetric unit, the Mtb PII:ATP
structure contains a trimer in the asymmetric unit
with one ATP molecule bound per subunit [Fig. 2(A)
and Supporting information Fig. 1). The crystal
structure of Mtb PIL:ATP shows that ATP binds in
three symmetrically equivalent positions in the
trimer in a pocket formed by the base of the T-loop,
B-loop, and B4 strand of one subunit, and part of the
B2 strand, B3 strand, and the C-loop of a neighbor-
ing subunit [Fig. 2(B)]. In this structure the ribose
ring of ATP adopts the C-3'-endo ring pucker with
the adenine ring in the anti-orientation consistent
with its position in the E. coli GInK:ATP structure®
(Supporting information Fig. 1).

The trimeric Mtb PIL:ATP structure is super-
posed onto the trimeric Mtb apo PII with an r.m.s.d.
(between 94 x 3 Co atom pairs) of 0.69 A. The
rm.s.d. between the three subunits of the Mtb PII
protein is 0.31 A between subunits A and B, 0.39 A
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Figure 1. A). A trimer of the Mtb apo PII protein viewed down
the crystallographic triad showing the three subunits in ribbon
representation-A (blue), B (cyan), and C (green). The T-loop
region between GIn39 and Val53 is disordered and missing in
the Mtb apo PIl structure. The surface of the trimer assembly
carrying the T-loop is designated as the top of the triad and is
shown facing up. The B2 strands from the individual subunits
form the mouth at the top of the p-barrel, while the 4 strand of
each subunit bends inward at the bottom to close the base of
the concave B-barrel. The secondary structures are labeled on
subunit B (cyan). Molecular graphics images were produced
using the UCSF Chimera package from the Resource for
Biocomputing, Visualization, and Informatics at the University
of California, San Francisco (supported by NIH P41 RR-
01081).%¢ (B). A single subunit of the Mtb apo Pl protein is
shown in ribbon representation and colored by its secondary
structures. The secondary structure features are labeled based
on the E. coli GInK structure.®° The functionally important
T-loop is disordered in the Mtb apo PII crystal structure.
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between subunits B and C, and 0.45 A between sub-
units A and C. The differences lie in the positions of
the residues in the ATP binding region, whereas the
rest of the molecular backbone remains relatively
unchanged compared to the Mtb apo PII. The disor-
dered T-loop of the apo PII structure is completely
ordered in subunit B of the ATP bound M¢b PII
trimer with the exception of Lys40 and the partially
ordered GIn39 [Fig. 2(A) and 3]. However, residues
GIn39 to Val53 of subunit A and residues GIn39 to
Glub50 of subunit C are disordered and were omitted
from the final model of the Mtb PII:ATP structure.

The trimer has some distinct structural features
that indicate the possible function of the Mtb PII
protein. In the trimer, the B-sheet from one subunit
tilts toward the neighboring subunit at a sheer angle
typical of p-barrel structures.?®3” Three P-sheets,
one from each subunit, line the interior of the trimer
and enclose a concave PB-barrel at the center of the
trimer, whereas the o-helices of each subunit lie on
the outside of the trimer [Fig. 2(A)l. Glu32 from
each P2 strand comes closest to the center at the
mouth of the pB-barrel, lying symmetrically away
from each other at a distance of ~9.1 A and creating
a negatively charged region at the mouth of the B-
barrel [Supporting information Fig. 2(A)]. The inner
lining of the B-barrel encloses a concave cavity with
hydrophobic residues Leu3, Thr5, and Ile7 from the
Bl strand, Thr29 and Ile33 from the B2 strand,
Val64 from the B3 strand and Trp92 from the P4
strand. In addition, Arg60 and Glu62 from the 3
strands of each subunit insert the polar ends of their
side chains into the center of the cavity forming
hydrogen bonds to create a charged center, stabiliz-
ing the trimer assembly [Supporting information
Fig. 2(B)]. Finally, Pro95 residues from each f4
strand are brought into close proximity at the bot-
tom of this barrel at a distance of ~4.0 A [Support-
ing information Fig. 2(C)].

An important feature that becomes apparent in
the trimeric state is how part of the long C-loop of
one subunit lies parallel to the PB4 strand of the
neighboring subunit making several interactions.
For instance, there are hydrogen bonding backbone
interactions between Thr98 (C-loop of subunit C)
and Val93 (B4 strand of subunit B), Val100 (C-loop of
subunit C) with Val91 and Trp92 (B4 strand of subu-
nit B), and Val102 (C-loop of subunit C) with Lys90
(B4 strand of subunit B). The extensive inter-subunit
hydrogen bonds between the C-loop of one subunit
and the B4 strand of another could be the defining
factor in the trimerization of Mtb PII. The C-loop of
one subunit also approaches the B-loop and the ATP
binding site of the neighboring subunit, which may
also preserve the structural integrity of the func-
tional trimer. For example, the backbone carbonyl
group of Thr104 (C-loop of subunit C) hydrogen
bonds with the guanido group of Arg82 (B-loop of
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subunit B) at a 2.8 A distance (Subunit B of Mtb PII
with a complete T-loop was used to calculate all
inter-atomic distances in the ATP binding pocket).
The 319 helix at the end of the C-loop contributes to
the ATP binding site of the neighboring subunit and

al63.C (B3)

C euli2.B

Arg101.B
Lys90.C.
Arg103.B

; : Val38.C
: H?O (T-loop)

Ho

Phe92.C

u63.B

\'\rhms.a
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is partly stabilized by the hydrogen bonding of the
carbonyl group of Alalll (C-loop) with the amino
side chain of Lys90 (B4 strand) (2.8 A). The impor-
tance of the trimeric architecture is that the second-
ary structural elements involved in the trimerization
also form part of the ATP binding pocket indicating
that trimerization is critical for its function.

ATP binding site and loop movements-
comparison between the apo and ATP

bound Mtb PII proteins

There are a number of apo and ATP bound PII
crystal structures that have been reported from
E. coli'®*313% Herbaspirillum seropedicae,®® Ther-
motoga maritima,®® Cyanobacteria Synechococcus
sp. PCC 7942 and Synechocystis sp. PCC 6803,%°
Thermus thermophilus,®® Neisseria meningitidis,*
Methanococcus jannaschii,®® Arabidopsis thaliana,?*
and Synechococcus elongatus.?® Similar to the dis-
cussion of these structures, the protomer ATP inter-
actions in the Mtb PII protein can be viewed in ref-
erence to three important structural elements,
namely the C-loop (31 helix), the B-loop, and the T-
loop [Fig. 2(B)]. The C-terminus of the neighboring
subunit of M¢b PII, aided by a 3;¢ helix, curls back
to form part of the ATP binding pocket. The C-termi-
nal residue Leull2 lines a hydrophobic pocket for
the adenine ring of ATP, while the terminal carbox-
ylic oxygen atom of Leull2 hydrogen bonds with
Argl01 at a distance of 2.8 A, which in turn hydro-
gen bonds with the bridge oxygen between the B-
and y-phosphates of ATP (2.9 A). The 31, helix must

Figure 2. A). A trimer of the Mtb PIl:ATP binary complex
structure is shown viewing down the crystallographic triad.
The orientation and color scheme for the trimer assembly is
consistent with Figure 1A. Subunit A (blue), B (cyan), and C
(green) are represented as ribbons, whereas the bound ATP
molecules are shown in yellow stick representation. A
complete T-loop is visible in subunit B. (B) The active site
of the Mtb PII protein bound with ATP (pink). Residues
contributed by the neighboring subunit are shown in tan.
Residues from the main-chain (Subunit B) are shown in
yellow. Conserved residues Gly87.B (B-loop), Gly89.B (B-
loop), Lys90.B (B4 strand), and Arg103.C (C-loop) hydrogen
bond with the polar phosphate groups of ATP. Residues
contributing to adenine binding include lle7.B (1 strand),
Trp92.B (B4 strand), Leu26.C, Gly27.C, Met28.C, and
Thr29.C (in the loop connecting the a1 helix and B2 strand),
Val64.C (3 strand), and Leu112.C (C-loop). (Not all the
residues in the ATP binding pocket have been displayed in
the interest of clarity). (C) A side by side comparison of the
ATP binding pocket of Mtb PII:ATP and the M. jannaschii
GInK1:ATP(Mg?*):20G ternary complex structure (PDB ID:
2J9E) is presented.®® Note that the Mtb PII’s Arg38 residue
is a Val38 in M. jannaschii GInK1. The side chain of Arg38
of Mtb PII occupies the Mg2+ position of M. jannaschii
GInK1.

PROTEIN SCIENCE ‘ VOL 19:1513-1524 1517



play a role in the binding of the ATP because it
brings Leull2 into proximity with ATP. Further-
more, in the Mtb apo PII structure, the Co atom of
Leull2 moves away from the ATP binding site by
1.6 A and loses its hydrogen bonding interaction
with Argl01 although the 3,7 helix is conserved in
the apo structure.

The B-loop carries the conserved mononucleo-
tide binding motif ‘Gly(84)-X-X-Gly(87)-X-Gly(89)-
Lys(90) and thus acts as the primary binding site
for ATP.*' Compared to the Mtb apo PII structure,
the B-loop in Mtb PII:ATP moves away from the
ATP binding region, making space for the ATP to
bind. The Ca atom of Lys85 at the tip of the B-loop
moves away by 1.5 A. The backbone nitrogen atom
of Gly89 hydrogen bonds with the oxygen atom of
the B-phosphate at a 2.9 A distance. While the Co
atom of ATP bound and unbound Lys90 are in iden-
tical positions, the side chain moves in the ATP
bound structure so that the N-Z atom of Lys90 is 5.3
A away from its position in the apo structure and
hydrogen bonds with the B-phosphate of ATP 2.5 A
away.

Arg38 extends out from the base of the T-loop
and hydrogen bonds with the oxygen atom of the
v-phosphate at a 3.0 A distance [Fig. 2(B) and 3].
The binding of ATP is involved in stabilizing the
side chain conformation of Arg38, and therefore
should partly stabilize the T-loop conformation. In
the Mtb apo PII structure, the side chain of Arg38 is
disordered (along with the T-loop) and is represented
as alanine, which could result from a lack of stabiliz-
ing interactions in the absence of ATP [Fig. 3l.
Indeed, the Co atom of Arg38 in the M¢b apo PII
moves away from the active site by 8.3 A compared
to the ATP bound structure, opening this cavity to
solvent. This effectively changes the flexibility of the
T-loop conformation in Mtb apo PII. Comparing the
apo and ATP bound structures of the M¢b PII pro-
tein, it seems apparent that Arg38’s interaction with
the y-phosphate is the reason the base of the T-loop
moves back into the active site [Fig. 3]. Interest-
ingly, in contrast to the Mtb PII and E. coli GInK/B
structures, the crystal structure of the M. jannaschii
GInK1 shows a Mg?" ion bound next to ATP which
coordinates with all three phosphate oxygen atoms®®
[Fig. 2(B,C) for a comparison of the M¢b PII and M.
Jjannaschii GInK1 ATP binding sites]. Yildiz et al.®®
have argued that Mg?" and ATP are necessary to
change the T-loop conformation in the M. janaschii
GInK1 protein allowing the creation of the 20G
binding site. In the Mtb PIL:ATP protein, Arg38 of
the T-loop occupies the Mg?* binding site [Fig. 2(B)]
to form a direct hydrogen bond with the y-phosphate
oxygen atom of the ATP (3.0 A). Arg38 of Mtb PII is
a Val38 in M. jannaschii GInK1 suggesting that a
Mg?" is critical for M. jannaschii as it is to many
other ATP binding proteins. Binding of the Mg?* ion
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Arg38 (apo) i~

Arg38.A
Arg38.BIk

Arg38.

Figure 3. Overlay of the T-loop regions of subunits A
(blue), B (cyan), C (green) of the Mtb PIIl:ATP and Mtb apo
Pl (purple) structures, shown in a worm representation. The
bound ATP molecule is shown in yellow stick
representation. The relative positions of the Tyr51 residues
on the T-loop of subunit B (cyan) and subunit C (green) of
Mtb PII highlight the different orientations of the T-loop in
both subunits. Arg38 of the Mtb apo PII protein (orange) is
modeled as an Ala. Upon binding ATP, Arg38 of all three
subunits of the Mtb PII:ATP structure (blue, cyan, and
green) are stabilized and move relative to their position in
the Mtb apo PII structure.

pushes the base of T-loop away from the ATP phos-
phates in M. jannaschii GInK1, whereas in the Mtb
PILI:ATP structure the base of the T-loop approaches
ATP (the main chain amide group of Arg38 hydrogen
bonds with the ATP o-phosphate at a 3.1 A dis-
tance). The same amide group of Val38 in M. janna-
schii GInK1 is 4.7 A away from the ATP o-phos-
phate,?® therefore, it may be that a Mg?" ion is not
required by Mtb PII for ATP or 20G binding. In
fact, recent in vitro studies have shown that the Mtb
PII binds to both ATP (Kg = 1.93 uM) and 20G, in
the absence of Mg?".*2 Our attempts to crystallize
Mtb GInK in the presence of Mg?" ions were
unsuccessful.

While Arg38 forms one part of the enclosure for
the phosphates of ATP, Argl03 from the C-loop of
the neighboring molecule forms another part of this
enclosure forming a hydrogen bond with an oxygen
on the y-phosphate (2.8 A). Similarly, the C-loop also
contributes Argl101, which further stabilizes the ATP
binding site; in subunits A, B, and C Argl101 hydro-
gen bonds with the bridge oxygen between the
B- and y-phosphates of ATP (at distances of 2.8, 2.9,
and 3.2 A, respectively). While Arg38 moves in

Structure of Mycobacterium tuberculosis PlI
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Figure 4. A) Part of the T-loop of subunit B of the Mtb PII protein is stabilized by its interaction with the symmetry related
molecules Mtb PII" and Mtb PII”. Subunit B of Mtb PIl is shown in purple ribbon representation along with the bound ATP in
stick representation. The symmetry related molecules Mtb PII" and Mtb PII” are shown in mesh representation with 50%
transparency.(B) Homology model of Mtb AmtB and Mtb PII:ATP based on the crystal structure of the E. coli GInK:AmtB
complex.'®3* AmtB is shown in mesh representation with 50% transparency and Pl is shown in green ribbon representation.
Subunit B of the crystallized Mtb PII:ATP structure is superposed on to the homology modeled Mtb PII structure and shown
in purple ribbon representation along with the bound ATP in stick representation. The superposition highlights the ~45°
movement required by the T-loop of the crystallized Mtb PIl protein to interact with the T-loop binding site of the Mtb AmtB

protein.

closer to the active site upon ATP binding, Tyr36
moves away (the Co atom of Tyr36 moves by 2.9 A)
compared to its original position in the Mtb apo PII
structure. In the ATP bound structure, the backbone
nitrogen atom of the Tyr36 forms a hydrogen bond
with the 3’ hydroxyl group of ATP (3.2 A). Therefore,
in the ATP bound PII structure, the Tyr36 orients
its side chain more closely to the side chain of Phe55
(8.5 A). As Tyr36 is the first residue and Pheb5 is
the last residue of the functionally important T-loop,
ATP binding can be said to partly influence the ori-
entation of the T-loop itself. Taken together, the
binding of ATP along with the positions of Tyr36,
Arg38, and Pheb55 might contribute to the stability
of at least the base of the T-loop of M¢b PII and
point it in the right orientation to form a complex
with PII’s target proteins, such as AmtB or GInD.
Although the residues at the base of the T-loop,
including Arg38, are fully ordered in all subunits of
Mtb PII:ATP (Arg38 is disordered in the apo struc-
ture), only subunit B contained the fully ordered
T-loop. Upon analyzing the crystal packing effect
from the residues of symmetry related molecules on
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the stability and the conformation of the visible
T-loop of subunit B in the Mtb PII:ATP structure, we
observed that part of the T-loop of subunit B packs
inside a groove created by two symmetry related
molecules (Mtb PII' and PII”) [Fig. 4(A)]. Tyr51 of
the T-loop makes hydrophobic interactions with
Val53' (3.8 A) of the T-loop from the symmetry
related molecule, Tyr46 makes hydrophobic interac-
tions with Ser52' (3.7 A), and Glu50 makes a hydro-
gen bond interaction with Thr98” (2.5 A). The back-
bone amide group of Arg47 hydrogen bonds with the
carboxylic acid group of Asp71” (3.0 A), and the Ca
atom of Arg47 makes a van der Waal’s interaction
with the side chain of Val70” (3.8 A). Overlaying
subunit B on subunit A reveals that the T-loop of
subunit A is exposed to solvent without any stabiliz-
ing interactions, and overlaying subunit B on subu-
nit C of Mtb PII revealed clashes of the T-loop with
the T-loop from a neighboring symmetry molecule,
requiring drastic changes in the T-loop conformation
of subunit C to avoid these clashes. Because of this
the T-loops in subunits A and C of the ATP bound
Mtb PII were only partially ordered. It is clear from

PROTEIN SCIENCE ‘ VOL 19:1613-1624 1319



the positions of the residues leading up to the miss-
ing section of the T-loop in subunit C that the loop
has a very different conformation compared to subu-
nits A and B (Fig. 3). Collectively, the interactions of
the T-loop of subunit B with the symmetry molecules
help stabilize the flexible part of the T-loop, which
would otherwise need to be stabilized by forming a
complex with a target protein or an effector molecule
such as 20G.12 Perhaps, the crystal packing effect
on the stabilization of the T-loop of subunit B of the
Mitb PII protein mimics the formation of a complex
with a target protein [Fig. 4(A)]l. Thus, the T-loop
requires some additional stabilizing interactions
mediated through the binding of a target protein to
Mitb PII, in addition to the ATP binding. However,
the present conformation of the T-loop is subjective
and may adopt different conformations in the pres-
ence of a physiological binding partner like AmtB.

Comparison with the E. coli GiInkzAmtB complex
Mitb encodes a probable amtB gene (Rv2920c), which
is next to the ginB gene.2® Comparison between the
428 amino acid E. coli AmtB protein and the 477
amino acid Mtb AmtB protein shows a 41% sequence
identity. All essential residues involved in the inter-
action of AmtB with the T-loop of PII, specifically
Phel07, His168, Phe215, Leu259, Ser263, Val299,
Asp313, and His318 of the E. coli AmtB, were found
to be conserved in Mtb AmtB.>* We constructed a
homology model of Mtb AmtB and the T-loop section
of the Mtb PII protein based on the crystal structure
of the E. coli GInK:AmtB complex (PDB ID: 2NS1)
[Fig. 4(B)] using the SWISS-MODEL program.*?
Comparing the T-loops of subunit B of the Mtb PII
protein with the homology modeled Mtb PII, we
noticed that the region of the T-loop that sticks out
from the main body of the PII protein swings away
from the T-loop binding pocket of AmtB by ~45°.
The position of the T-loop observed in the crystal
structure of Mtb PII:ATP could be due to crystal
packing effects (vide ante). Thus, in order to bind
Mtb AmtB, the T-loop would have to swing by ~45°
with a maximum movement of ~11.0 A (observed for
the Co atom of Arg47) to bring the T-loop inside the
groove of AmtB [Fig. 4(B)]. However, the base of the
T-loop that forms and interacts with the ATP bind-
ing site does not move. This suggests that ATP bind-
ing stabilizes the base of the T-loop (residues 36-39),
but that the rest of the T-loop must be stabilized by
a target protein. Given that PII proteins can bind a
multitude of target proteins (particularly, AmtB, and
GInD of the same operon'®), it is logical to think
that the T-loop exists in different conformations
depending on the target protein it complexes with.
For example, in the Arabidopsis thaliana PILNAGK
complex structure, the T-loop adopts a very different
conformation compared to the E. coli PII:AmtB com-
plex structure.** The crystal structure of PII:GInD
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has not been solved for any organism to date despite
strong biochemical evidence for this protein-protein
complex formation.*® Obviously other parameters
(like 20G binding) would influence the conforma-
tional changes of the T-loop.

Looking into the T-loop binding pocket of the
Mtb AmtB homology model, there are few differen-
ces when compared with the E. coli AmtB structure.
The Mtb PII protein’s Tyr51 terminal hydroxyl
group makes favorable hydrogen bonding interac-
tions with the backbone amide of Phe224 of Mitb
AmtB (2.6 A). The phenyl ring of Tyr51 makes addi-
tional hydrophobic contacts with the side chain of
Leu223 (3.3 A), which does not exist in E. coli
AmtB, where it is an Alal92. However some hydro-
gen bonding interactions observed in E. coli are
missing in Mtb, such as the interaction of the back-
bone carbonyl of Arg47 with Arg253 of E. coli AmtB,
in Mtb it is an Asp284 and is 5.9 A away. There is
also a 36 residue insertion at the C-terminus of the
Mtb AmtB that hangs on the cytoplasmic side of the
membrane that was not included in the homology
model, but will be involved in some form of interac-
tion with the PII trimer. Thus the Mtb PII protein
would be expected to interact and form a complex
with the Mtb AmtB.

Is the Mtb PII protein a GInB or GInK?

The gene encoding Mtb PII has been annotated ginB
in the Tuberculosis Structural Genomics Consortium
(TBSGC). Comparing the sequences of other PII pro-
teins from across different species, the M¢b PII pro-
tein shows a 2 to 7% greater sequence identity with
known GInBs than with their respective GInKs. (See
Table II for comparison of percentage sequence iden-
tities with PII proteins from other organisms.) Thus,
on the basis of sequence identity alone it could be
termed Mtb GInB. However, while the ginB gene in
most organisms is found in an operon with the ginA
gene encoding glutamine synthetase, the ginK gene
in most organisms is linked to an ami¢B gene form-
ing an amtB-ginK or ginK-amtB operon (and may
also contain a third gene, ginD). C. glutamicum and
S. coelicolor are two other actinobacteria where the
nitrogen regulation pathway has been studied in
detail.*647 Like Mtb they too encode a single homo-
log of the PII gene that lies between the am¢B and
glnD genes and the gene product has been anno-
tated as GInK in both microorganisms based on
operon organization. As Mtb follows the same operon
organization as C. glutamicum and S. coelicolor it is
logical that the gene would also translate into a
GInK protein. Furthermore, it has been suggested
that to be annonated ginB, the protein product of
these genes should consist of a conserved Lys3 and
an Asp5 or Glu5.2 Whereas the E. coli GlnB
observes this rule, the M¢b PII protein has a Leu3
and Thr5, both consistent with E. coli GInK. The
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Table II. Percentage Identity of the Mtb PII Protein
with GInB and GinK of Other organisms

GInB GInK
(% identity (% identity
with Mtb with Mtb

PII protein) PII protein)

o Proteobacteria

Azospirillum brasilense 60 56
Rhodospirillum rubrum 57 60
Azorhizobium caulinodans 59 57

B Proteobacteria
Herbaspirillum seropedicae 64 61

v Proteobacteria
Escherichia coli 61 54
Klebsiella pneumoniae 61 54

Firmibacteria
Bacillus subtilis - 34

Actinobacteria
Corynebacterium glutamicum - 68
Streptomyces coelicolor - 68

Archaebacteria
Methanococcus jannaschii - 55

Cyanobacteria
Synechococcus 61 -

Plants
Arabidopsis thaliana 46 -

— a GInK or GInB gene does not exist or has not yet been
identified.

Lys3 and Asp5/Glu5 residues among GInB proteins
and the Leu3 and Thr5 residues among GInK pro-
teins are fairly conserved across species, suggesting
that the Mtb PII gene is in fact ginK.?

The Mtb PII protein projects the Leu3 and
Thr5 residues from each subunit into the central
cavity of the B-barrel formed by the trimer, while
E. coli GInB has Lys3 and Asp5 residues in these
positions. The significance of these hydrophilic ver-
sus hydrophobic residues at the center of the B-bar-
rel in relation to the function of GlnB and GInK is
unknown and calls for further investigation. Apart
from operon organization and sequence specific
characterization, the crystal structure of the Mtb
PII protein gives a clear indication of the nomen-
clature of the protein. The presence of a 3;9 helix
at the C-terminus of the M¢b PII protein is consist-
ent with other known GInK structures, while in
GInB this region is a loop that is positioned away
from the ATP binding pocket. It has been proposed
earlier that GInK structures may differ from GInB
due to the presence of a 3;9 helix in the C-
loop.2%3%48 For these reasons we suggest that the
gene for the PII protein in Mtb is glnK.

In summary, the operon organization of M¢b PII
gene, the existence of GInK specific structural fea-
tures in both the apo and ATP bound Mtb PII crystal
structures, and the homology model of the Mitb
PII:AmtB complex, suggest that the PII homolog of
Mtb may play a key role as GInK in the nitrogen
regulatory pathway.
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Materials and Methods

A 339 bp DNA fragment containing the PII gene
(Rv2919c) was amplified by PCR with Mtb H37Rv
genomic DNA as a template, using the following oli-
gonucleotide primers:

5-GGG AAT TCC ATA TGA AGC TGA TCA
CTG CGA TCG TGA AGC-3

3-CCC AAG CTT TCA TAA CGC GTC GTG
TCC GCG TTC AC-¥%'.

The amplified DNA fragment was digested with
Ndel and HindIII restriction enzymes and subcloned
into the corresponding restriction sites in a pET28b
vector containing an N-terminal His tag (Novagen).
Following sequence confirmation, the plasmid was
transformed into E. coli BL21(DE3) cells. Cells were
induced with 1 mM isopropyl-1-thio-B-D-galactopyra-
noside at Aggp of 0.8, and grown for 15 h at 25°C.
The cells were harvested by centrifugation and lysed
by French-press in a buffer containing 20 mM tris-
HCl, 500 mM NaCl, 5 mM B-mercaptoethanol
(BME), pH 7.5 (buffer A), and a protease inhibitor
(Roche Applied Science). The lysate was spun down
and the supernatant loaded onto a nickel HiTrap col-
umn (GE healthcare). The 12.32 kDa M¢b PII pro-
tein was eluted with a 100 mL linear gradient of 10
to 500 mM imidazole in buffer A. The peak fractions
were collected and dialyzed in the presence of 20
mM tris-HCl (pH 7.5), 50 mM NaCl, 5% glycerol,
and 5 mM BME and concentrated to 15 mg/mL
using an amicon filter (Amicon) as measured by the
Bradford protein assay (Bio-Rad).

Crystallization

Initial crystallization conditions were obtained at
289 K in 96-well plates by sitting-drop vapor diffu-
sion. Crystals of the Mtb apo PII were obtained by
mixing equal volumes of 15 mg/mL protein with a
crystallization solution from Crystal Screen™
(Hampton Research) containing 0.1 M sodium caco-
dylate pH 6.5 and 1.4 M sodium acetate as precipi-
tant. The Mtb PII:ATP binary complex was prepared
by mixing the purified 15 mg/mL protein solution
with ATP (Sigma) at a final concentration of 5 mM
and incubating on ice for 30 min. Crystals of Mtb
PII:ATP were obtained in condition containing 0.1 M
imidazole pH 6.0 and 1.0 M sodium acetate, also
from Crystal Screen™.

Data collection, structure determination,

and refinement

X-ray diffraction data for Mtb PII and Mtb PII:ATP
crystals were collected on APS beamline 19-ID and
23-1ID, respectively. For data collection, a single crys-
tal was cryoprotected by brief soaking in N-paratone
and then flash-frozen in a liquid Ny stream (100 K).
The HKL-2000 suite*® of programs was used for
integration and scaling of the PII and PIL:ATP
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complex structures. Crystals of the Mtb apo PII pro-
tein belong to the space group R3 with unit cell pa-
rameters ¢ = b = 77.15 A, ¢ = 51.84 A with one mol-
ecule per asymmetric unit and an estimated solvent
content of 48.46%. Crystals of the Mtb PIL:ATP
belong to the space group P432:2 with unit cell
parameters a = b = 69.74 A, ¢ = 146.68 A with three
molecules per asymmetric unit and an estimated sol-
vent content of 48.1%. Data collection details are
summarized in Table I.

The structure of Mtb apo PII was solved by mo-
lecular replacement using Phaser.®® The truncated
E. coli PII structure (PDB ID: 1GNK) lacking the
T-loop residues 38-54, was used as search model to
solve the Mtb apo PII crystal structure.®® The Mtb
apo PII structure was used to solve the three posi-
tions of Mtb PII:ATP structure. After rigid body and
restrained refinement using CCP4-REFMAC5°1:52
the model building was carried out in COOT?® and
XTALVIEW®* for both the structures, solvent mole-
cules were subsequently added. Bias-minimized elec-
tron density maps were obtained using the Shake&-
wARP (SNW) protocol.?® Each subunit of the Mtb
PII:ATP structure contained one molecule of ATP
with clear electron density (Supporting information
Fig. 1).55®7 and were included in the Refmac refine-
ment. The final R-factor for the Mtb apo PII crystal
structure was 20.80% (Rpee = 22.60%) at 1.4 A reso-
lution and for the Mtb PIL:ATP structure it was
21.57% (Rppee = 29.21%) at 2.4 A resolution (Table I).
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