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ABSTRACT: Two biosynthetic routes for the synthesis of pyridoxapBosphate (PLP), the biologically

active compound of vitamin B6, have been characterized. The major pathway leads to direct formation of
PLP from a pentasaccharide and a trisaccharide and is operative in plants, fungi, protozoa, and bacteria.
This reaction is catalyzed by a single glutamine amidotransferase enzyme complex consisting of a pyridoxal
synthase, termed Pdx1, and a glutaminase, termed Pdx2. In this complex, Pdx2 generates ammonia from
L-glutamine and supplies it to Pdx1 for incorporation into PLP. The glutaminase activity of Pdx2 requires
the presence of Pdx1l in a heteromeric complex, previously characterized by a crystallographic three-
dimensional (3D) structure determination. Here, we give a thermodynamic description of complex formation
of Bacillus subtilisPLP synthase in the absence or presencegifitamine. We show that-glutamine

directly affects the tightness of the protein complex, which exhibits dissociation constants of 6.9 and
0.3 uM in its absence and presence, respectively (af@p This result relates to the positioning of
L-glutamine on the heterodimer interface as seen in the 3D structure. In an analysis of the temperature
dependence of the enthalpy, negative heat capacity chan@gsdgree with a protein interface governed

by hydrophobic interactions. The measured heat capacity change is also a funatighut@mine, with

a negativeAC, in the presence af-glutamine and a more negative one in its absence. These findings
suggest that-glutamine not only affects the strength of complex formation but also determines the forces
involved in complex formation, with regard to different relative contributions of hydrophobic and
hydrophilic interactions.

Vitamin B6 serves as an essential cofactor in many vitamin B6 pathway in most species except for the
enzymatic reactions such as transaminations and decarboxysubdivision of proteobacterid@), suggesting that thE. coli
lations in amino acid metabolisn,(2). Its biosynthesis is  biosynthetic pathway is the exception rather than the rule
restricted to bacteria, protozoa, fungi, and plants, whereasfor de novo biosynthesis of vitamin B6. More recently,
animals and humans require a constant supply of the vitaminexperimental studies have proven that the alternative pathway
in their diet. The biosynthesis of vitamin B6 has been studied is in operation in such diverse organisms as the yeast

extensively in the bacterial model organi&scherichia coli Saccharomyces cerisiae the Gram-positive bacterium
leading to the complete discovery of the chemical steps andBacillus subtilis and the planfirabidopsis thaliang8—11).

the enzymes involved in the required transformatic@ €. Vitamin B6 biosynthesis irB. subtilisby the so-called
Until a few years ago, it was believed that tde nao alternative route is distinguished from the pathway character-

biosynthesis of vitamin B6 follows the same chemical ized earlier irE. colias a deoxyxylulose 5-phosphate (DXP)
pathway in all other organisms capable of its biosynthesis. independent pathwayll). It comprises only two genes,
The discovery of an alternative vitamin B6 biosynthetic which encode a highly conserved pyridoxal synthase and
pathway in the fungu€ercospora nicotianabas shed doubt  glutaminase. These two enzymes, designated Pdx1 (previ-
on the current hypothesis of a single biosynthetic pathway ously termed YaaD) and Pdx2 (previously termed YaaE) in
(5, 6). Phylogenetic analyses of genomic data from prokary- B. subtilis form a high-molecular mass complex containing
otes and unicellular eukaryotes have confirmed the occur-24 subunits in total, 12 of each kind. Pdx1 and Pdx2 work
rence of homologous genes implicated in the alternative in concert and use a pent(ul)ose, either ribose 5-phosphate
or ribulose 5-phosphate, and a triose, either glyceraldehyde
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3-phosphate or dihydroxyacetone phosphate, for the genera
tion of the carbon skeleton in PLP. In this reaction, catalyzed

Fractions containing the protein were combined and dialyzed
against 20 mM Tris-HCI and 10 mM NaCl (pH 7.5). The

by Pdx1, the enzyme incorporates the ammonia producedprotein was concentrated using Centriprep centrifugal filter

by Pdx2 using.-glutamine as the source for the required
ring nitrogen (Scheme 1).

Previous biochemical studies have indicated that formation
of a protein complex between Pdx1 and Pdx2 is required
for the catalytic activity of the glutaminase subunit, Pdx2
(8, 10). The recent successful cocrystallization of Pdx1 with
a glutaminase deficient Pd%2°N mutant protein in the
presence of-glutamine led to the structure determination
of the ternary complex and to a proposal for how the
glutaminase is activated 2). The Pdx217°N mutant protein
was necessary for obtaining a substrate complex, and
L-glutamine also appeared to stabilize the protein complex
as it binds near the heterodimer interfat®)( The interaction
between the two proteins is such that an oxyanion hole, as
a requirement for catalysis, forms on the glutaminase, which
is obstructed in the structure of the free glutaminase. The

devices (Amicon) with a molecular mass cutoff of 10 kDa.
Protein concentrations were determined by measuring the
absorbance at 280 nm using predicted extinction coefficients
of 11 460 (Pdx1) and 2980 M cm ™! (Pdx2 and Pdx270N)

(13, 14). The purified proteins were flash-frozen and stored
at —20 °C.

Isothermal Titration Calorimetry (ITC)Jnless otherwise
noted, microcalorimety experiments were carried out in
20 mM Tris-HCI and 10 mM NacCl (pH 7.5). Both the
purified enzymes and-glutamine were dissolved in exactly
the same buffer, and all solutions were degassed immediately
before measurements were taken. Binding of the titrant (Pdx2
wild-type protein or the Pd*27°N mutant protein) to Pdx1
in the presence or absenceLeflutamine was analyzed with
a VP-ITC microcalorimeter (MicroCal) equilibrated to the
respective temperature. The bindingweglutamine to the

biochemical and structural questions that were raised promptedndividual proteins was tested by ITC using l@mwalue

us to engage in a calorimetric study to gain quantitative
information about complex formation, using recombinant
Pdx1 and Pdx2/Pdx2"Nfrom B. subtilis In addition, it was

our aim to correlate thermodynamic and structural data to
better understand the determinants that drive complex
formation.

MATERIALS AND METHODS

ReagentsL-Glutamine was from Sigma (Sigma-Aldrich,
Vienna, Austria). HEPES, PIPES, MOPS, Tris, imidazole,
and NaCl were from Roth (Carl Roth, Karlsruhe, Germany).
NaH,PO, was from Merck (Merck KGA, Darmstadt,
Germany).

Recombinant Expression, Purification, and Quantification.
Pdx1, Pdx2, and Pd&2"°N (His-tagged), cloned into pET21a-
(+) (Novagen) and pET24bB{() (Novagen), were expressed
in E. coli strain BL21(DE3) (Stratagene) at 3T. Protein
expression was induced at an gof 0.6 with IPTG (final
concentration of 0.1 mM). After 3 h, bacteria were harvested
by centrifugation, washed with 0.9% NaCl, and stored at
—20°C.

For purification of Pdx1, Pdx2, or Pd¥Z°N the cells were
thawed and resuspended in lysis buffer [50 mM Na@g,,
300 mM NaCl, and 10 mM imidazole (pH 8.0)]. The cells
were lysed by sonication, and the raw lysate was cleared by
centrifugation at 4000for 30 min at 4°C. The supernatant
was applied to a Ni-NTA Sepharose HP column (GE
Healthcare), washed with 50 mM NaP,, 300 mM NacCl,
and 20 mM imidazole (pH 8.0), and eluted with 50 mM
NaH,PCOy, 300 mM NaCl, and 150 mM imidazole (pH 8.0).

titrations. For this purpose, 100 mMglutamine was titrated
into 30—-50uM solutions of the individual proteins. Titration

of L-glutamine into the Pdx2Pdx2'*"°N complex was carried
out as a common ITC titration using 1 mMglutamine in

the syringe and 3@M protein complex in the measuring
cell. In a typical experiment, a total of one aliquot of:P

and 29 aliquots of 1Q«L of the titrant (250uM Pdx2 or
Pdx2'179N) were injected into 1.421 mL of 30M Pdx1 or
Pdx1L-glutamine solution under constant stirring at 310 rpm.
All titrations in the absence afglutamine were performed
with Pdx2 and PdxX#7°N, Every injection was carried out
over a period of 20 s in a spacing of 250 s. The heats of
binding were determined by integration of the observed
peaks. To correct for the heat of dilution of the titrant, the
heats evolving in a reference measurement (titrant injected
into buffer orL-glutamine) were subtracted from the heat of
each injection. The corrected values were plotted against the
ratio of the titrant to the protein concentration in the cell to
generate the binding isotherm. Nonlinear least-squares fitting
with Origin version 7.0 (MicroCal) for ITC data analysis
was used to obtain dissociation constants, heats of binding,
and stoichiometrieKy and Gibbs free energy were calcu-
lated according to

1

a

)

AG = —RTInK,=RTInK, )

Assessment of Proton Transfer Reactions during Pretein
Protein Interaction. Purified Pdx1, and PdXx2"°N were
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Ficure 1: Isothermal titration calorimetry of Pdx1 with Pd®2%N in the absence or presencelaglutamine. (A) Injection of 25Q:M

Pdx2117N into 30uM Pdx1 in the absence afglutamine. (B) Injection of 25G&M Pdx2#17N into 30uM Pdx1 in the presence of 1 mM
L-glutamine. The titrations were performed in 20 mM Tris-HCl and 10 mM NacCl at pH 7.5 and 298 K. The top parts of the panels show
the time-dependent release of heat (negative peaks) during the titration. Peak integrals as a function of the molar rattg®ftedddx 1

are shown in the bottom parts of the panels. The solid curve represents the best fit using a single binding model (for values, see Table 1).

dialyzed against 20 mM PIPES, 20 mM MOPS, or 20 mM
Tris (pH 7.5) containing 10 mM NacCl. All experiments were "
carried out as described for a typical ITC experiment at ]
25°C.

Calculation of Accessible Surface Area (ASH)e solvent
accessible surface area of the Pd¥®dx2 heterodimeric
subunit was calculated using the PDB file of the three- 5
dimensional (3D) structural data available in the database 3
(Table 5), and GetArea 1.1%) or NACCESS 16) with the &
radius of the probe set to 1.4 A. Theoretiedl, values were
calculated from the changes in accessible surface area
according to refl7.

4 4

3 4

RESULTS 14

n
Formation of the PdxtPdx2 ComplexFormation of a 0. ' - ‘ " ' ' "
complex between Pdx1 and Pdx2 can be monitored by 0.0 ofs 10 15 zfo

isothermal microcalorimetry. Titration of Pdx1 with Pdx2
generates a series of exothermic signals that can be used to

; ot FiGure 2: L-Glutamine dependency d{y for formation of the
calculate a dissociation constant of 6:91.6 M at 298 K complex between Pdx1 and P#N ITC experiments were

(25 °C) for the Pdxi-Pdx2 protein complex. It was  jorformed in 20 mM Tris-HCI and 10 mM NaCl at pH 7.5 and
previously shown that complex formation is favored in the 298 K. In the presence of 0, 0.1, 0.25, 0.5, 1, and 2 m§lutmine,
presence of -glutamine, the amino group nitrogen donor 250uM Pdx2'17Nwas titrated into 3gM Pdx1. Every data point
for pyridoxal biosynthesis10). However, titration experi- represents the average of at least three independent measurements.
ments in the presence afglutamine were not successful ] ] ]

for the assessment of proteiprotein interaction because —absence of-glutamine. This experiment demonstrated that
of the large heat changes associated with the glutaminaséh€ single mutation in the active site of Pdx2 has no effect
activity of Pdx2. Replacement of an essential histidine on the formation of the binary Pdx#Pdx2 complex (data
residue with an asparagine in the active site of Pdx2 leadsnot shown).

to complete catalytic inactivation of the glutaminase subunit  Next, we monitored the formation of the Pdx@dx2'*7N

as shown previouslyl@). Therefore, we have employed this complex in the microcalorimeter as a function of the
catalytically incompetent glutaminase mutant, designated concentration of-glutamine. As shown in Figure 2, increas-
Pdx2'17°N, for our microcalorimetric studies involving- ing the concentration af-glutamine enhances the affinity
glutamine (Figure 1A,B). As a control, this mutant protein of Pdx1 and Pdx2 for complex formation 17-fold, saturating
was used instead of wild-type Pdx2 to determine the at concentrations above 0.5 mM at a Pdx1 and Pdx 2
dissociation constant of the PdxPdx2 complex in the  concentration of 3@M (K4 = 0.3 M at 25°C). Since the

L-glutamine [mM]
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Table 1. Thermodynamic Parameters for the Binding of P& to Pdx1 in the Absence and Presence -@lutaminé
Pdx1—Pdx27oN Pdx1-L-glutamine-Pdx270N

N AH AG —TAS Ka N AH AG —TAS Ka
278K 0.5+ 0.03 89+5 —25+2 —111+11 17.8£0.9 1+0.12 4+1 —-37+2 —-80x4  0.09£0.02
283K 0.5+ 0.02 69+ 26 —26+5 —954+24 22.1+0.7 1+£0.06 —-144+3 —-38+3 -—-23+4 0.10+0.04
288 K ~0 1+£007 —-31+3 —-39+2 -8+4 0.10+0.02
293K 05+0.12 —-13+8 —29+2 —-17+9 7.2+0.2 1+£0.14 —-45+5 —39+2 7+5 0.13+£0.03
298 K 0.4+0.10 —-34+9 —29+2 9+1 6.9+ 1.6 1+£0.08 —89+12 —-37+2 29+2  0.30+0.07
303K 0.44+0.15 —-53+2 —29+1 2442 9.8+ 0.9 1+£0.14 —-78+13 —36+8 42412 0.52+0.04
308 K 0.4+0.12 —-67+18 —-30+1 37+18 8.3+05 1+£0.12 -92+5 3745 56+5  0.56+ 0.03
AC, —55+05 —3.21+0.08

@ Values are means of at least three experiments. ValuA$ipAG, and—TASare in kilojoules per moleAG was calculated from the relation
AG = —RTIn K,, whereK, is the association constant determined by ITC. All measurements were performed in 20 mM Tris-HCI and 10 mM NaCl
(pH 7.5). The values given fohH and —TAS are measured values and are not corrected for protonation effects.

Table 2: Binding of.-Glutamine to the Individual Proteins or the Pdx@dx2'17°N Complex

Kq AH —TAS AG
protein N (uM) (kJ/mol) (kd molrt K1) (kJ/mol)
Pdx1 no binding
Pdx2 no binding
PdxH170N no binding
Pdx1—Pdx2'170N 0.54+0.1 11+ 04 —69+ 11 41+ 10 —28+6

aValues are the average of at least three independent measurements. The concentration of the individual proteins -ePihe2PdRIcomplex
was 30uM. L-Glutamine (2100 mM) was titrated into the individual proteins (lawalue titration), and 1 mM-glutamine was titrated into the
Pdx1—Pdx2'17%N complex. All experiments were carried out in 20 mM Tris-HCI and 10 mM NaCl at pH 7.5 and 298 K.

effect of L-glutamine on protein complex formation is fully  gcheme 2

developed at a concentration of 1 mM, all further experiments
were carried out at this concentration. In addition to its
influence on the tightness of the complexglutamine also
affects the stoichiometry of complex formation. In the
absence of-glutamine, titration of Pdx1 with PdXi27oN
indicates a stoichiometryNj of 0.5; i.e., only half of the
protein—protein docking sites are occupied, whereas in its
presence, a stoichiometric 1:1:1 ternary complex is formed
(Table 1).

Binding of the Substrate-Glutamine.ln accompanying
experiments, we have investigated the binding-gfutamine
to the individual proteins and the binary Pdx1 with Peix2\

L-Gln

.

K, (calc) = 260 pM

Pdx2 Pdx2 /L-Gln

Pdx1 Pdx1

K4=7uM K4=03uM

Ky=11puM

Pdx2/ /Pdx1 ﬁ: Pdx2 / L-Gln /Pdx1

L-Gln

complex. In principle, low-affinity binding processes can be
assessed by low-value microcalorimetric titrations as investigated by measuring the thermodynamic parameters as
described in Materials and Methods. Tdwealue, also known  a function of temperature. Parallel experiments were carried
as Wiseman factor, corresponds to the association constantput in the absence and presenceLgjlutamine (Figure 3
K, times the concentration of the macromolecule in the cell and Table 1). The enthalpic contribution to complex forma-
of the ITC instrument. However, binding ofglutamine to tion showed a linear dependency in both cases (panels A
the individual proteins, Pdx1, Pdx2, or P&2N could not and B). In the absence afglutamine, complex formation
be observed under the conditions used in the experimentss driven by a strong contribution from the entropy term
(Table 2). In contrast, binding to the PdxPdx2'7oN below 295 K where the process is endothermic. In contrast
complex produced strong exothermic signals from which a to this, complex formation is enthalpy-driven in the presence
Kq of 11 4+ 0.4 uM could be calculated. Titration of  of L-glutamine with a strong exothermic contribution above
L-glutamine to the protein complex is accompanied by a 285 K. In summary, formation of the PdxPdx2™70N
strong loss of entropy, which can be attributed to structural complex is entropy-driven (endothermic binding) in the
reorganization of the complex induced by binding wof absence ofL-glutamine, whereas in its presence, it is
glutamine to the active site of Pdx2. It should be noted that mainly enthalpy-driven due to exothermic binding over the
the stoichiometry for binding af-glutamine to the preformed  entire temperature range investigated with an unfavor-
complex is also 0.5, suggesting that only half of the binding able entropic contribution to the free energy of complex
sites on Pdx2 become occupied. Although it was not possibleformation.
to observe binding of -glutamine to Pdx2 directly (see In both cases, the free energy of complex formatit@)
Table 2), a dissociation constant of 26 can be calculated is nearly constant over the temperature range, showing
from the thermodynamic cycle shown in Scheme 2, assumingenthalpy-entropy compensation, a typical phenomenon for
full reversibility of the binding processes that are involved. aqueous systems. As seen before at 298 K, the free energy
Temperature Dependence of Thermodynamic Parameters of complex formation is significantly more negative in the
Formation of a complex between Pdx1 and Pdx2 was further presence of -glutamine (see Table 1).



Pyridoxalphosphate Synthase
A

100 - L-glutamine
-TAS
s
S
2 AG
>
2
[}
C
w AH
-140 4 _ Py
160 4 ACp =-5.5+0.1 kJ mol
275 2&‘30 255 2&‘30 2&5 3(‘)0 365 31]0
Temperature (°K)
E3 120
100 + L-glutamine
807 -TAS
60 - 7
40 4
—~ A
< 204
g ]
A
- 209 Iy
S -0 . . - g AG
> -
% -60 —
-80 A -
C
w100 - =
-120 4 AH
-140 _ A
160 ACp =-3.2+ 0.1 kJ mol

T T T T ’ T ¥ T T T
285 290 295 300 305 310

Temperature (°K)

Ficure 3: Temperature dependency A (M), —TAS (a), and
AG (@) for the binding of Pdx1 and Pd®2"°Nin the absence (A)
and presence (B) af-glutamine. Measurements were performed
in 20 mM Tris-HCI and 10 mM NacCl at pH 7.5 and various
temperatures. (A) PdX27N (250 uM) was titrated into 3QuM
Pdx1. (B) Pdx#170N (250 uM) was titrated into 3quM Pdx1 in
the presence of 1 mi-glutamine. ExperimentalC, values were
calculated from the slope of linear regressions toAhkdata. Each

T T T
275 280

*7: -40
g 50 Pdx1/2 - L-GIn
% 604
2 70
2 ]
I -804
< 1, .+
904nH =0.1
] Pdx1/2 + L-GIn
-100
110 ]
TRIS
T T T

Biochemistry, Vol. 46, No. 17, 20056135

0

-10 4
-20 4

-30 4

1 PIPES MOPS
-120 — T T T T I T T T T T T T T
0 5 10 15 20 25 301 35 40 45 50
AH,_, (kd mol™)

Ficure 4: Proton transfer reactions accompanying the binding of
Pdx1 and Pdx27N in the presence®) and absencel) of
L-glutamine at 298 K. The experimentally observed enthalpy
changesAHq,s are plotted against the ionization enthalpion,

of the buffer. The slopes[H™] of the linear regressions are given.
The ITC experiments were performed in 20 mM PIPES, 20 mM
MOPS, or 20 mM Tris (pH 7.5) containing 10 mM NaCl. Each
data point represents the average of at least three independent
measurements.

Table 3: Protonation Effect Accompanying the Binding of Pdx2 or
Pdx2'170N to Pdx1 in the Absence and Presence -@lutaminé

AHobs
buffer AHion? 0 mM |-glutamine 1 mM I-glutamine
PIPES 11.3 —58+2 —92+3
MOPS 20.5 —66+ 13 —93+2
Tris 475 —34+9 —87+2

a Experiments were carried out in 20 mM PIPES, MOPS, or Tris
(pH 7.5) containing 10 mM NaCl. All measurements were per-
formed at 298 KP AHjon is the ionization enthalpy of the buffer in

data point represents the average of at least three independenkilojoules per mole. Values are means of at least three independent

measurements. The values #hH and —TAS were not corrected
for the observed protonation effects (see Table 4).

The heat capacity chang@AC,) of the binding process

can be obtained from the slope of the linear temperature
dependency of the enthalpy (Figure 3). In both cases,

the heat capacity change is negative assuming values .&f
+ 0.1 and—3.2+ 0.1 kJ/mol for complex formation in the
absence and presence 8fjlutamine, respectively. These

large negative heat capacity changes indicate that the-Pdx1
Pdx2 interface is dominated by hydrophobic interactions and

measurements.

Table 4: Buffer Independent Thermodynamic Parameters for the
Interaction of Pdx1 and Pd®%°Nin the Absence and Presence of
L-Glutaminé

0 mM L-glutamine 1 mM.-glutamine

AHP 08+04 0.11+ 0.04
AHpind® —744+12 —944+1
ASoind® 149+ 1 —192+1

a All measurements were performed at 298 K. Values are means of
at least three independent measureméritsimber of protons taken

that the extent and nature of the interaction strongly dependUIO from buffer during interaction of the proteirfsAHping and ASyng

on the presence af-glutamine in the active site of Pdx2.
Determination of Protonation EnthalpieBrotein—protein

interaction may cause conformational changes which in turn

values are given in kilojoules per mole and joules per kelvin per mole,
respectively.

may influence the environment of amino acids and hence to zero, indicating formation of the PdxPdx2 complex

their pK, value. Therefore, formation of the PdxPdx2

does not involve a net exchange of protons between the

complex may be accompanied by an exchange of protonsproteins and the buffer. In the absenceLgflutamine, the

between ionizable groups of amino acid residues and theslope of the plot is 0.8, and hence, it is concluded that
buffer. Since this process may contribute to the measuredcomplex formation involves the uptake of one proton from
enthalpy changeXHopg in the ITC experiment, the observed the buffer 8).

enthalpies need to be corrected for the ionization enthalpy Calculation of Accessible Surface Areas and Heat Capac-

of the buffer. To accomplish this correction, formation of
the Pdx:Pdx2 complex was analyzed in buffers with
different ionization enthalpiesAHon (Figure 4 and
Table 3). In the presence afglutamine, the slope of the
AHgpsversusAHiq, plot (Figure 4 and Table 4) is very close

ity Changes.Since both the individual structures of Pdx1
and of Pdx2 as well as a complex of Pdx1 and Pdx2 with
boundL-glutamine are availablel?, 19), we have calculated

the accessible surface areas (ASASs) of the proteins and their
complex to obtain the changes in accessible surface areas
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Table 5: Changes in Solvent Accessible Surface Area of the Protein Complex

SASA® (A?) ASASA (A2

polar apolar total polar apolar total
GetAred Pdx1 4799.1 7605.2 12404.3
Pdx2L-GIn 3776.1 5213.1 8989.2

Pdx1/2L-GIn 7497.6 10895.2 18392.8 —1077.6 —1923.0 —3000.6
NACCESS Pdx1 5059.7 7207.2 12266.8
Pdx2L-GIn 4072.9 4640.3 8682.2

Pdx1/2L-GIn 7973.7 9996.7 17970.4 —1158.9 —1819.8 —2978.6

a Solvent accessible surface area (SASA) of the individual proteins (chain A or B of the complex) and the P@ki/@mplex. Chain A
(Pdx1) and chain B (Pdx2/GIn) or both (Pdx1/2/-GIn complex) of the Pdx1/2/GIn complex structure (PDB entry code 2NV2) were used
for the calculations? The change of the solvent accessible surface ax&ABA) of the complex was calculated by subtraction of the surface of
the proteins from the surface of the Pdx1/&In complex.c Two different methods were used for the calculation of SASA, GetAt&x dnd
NACCESS (6).

Table 6: Experimental and TheoreticC, Values for the to postulate how glutaminase activity is regulated in the
Pdx1—Pdx2-L-Glutamine Complex complex by oxyanion hole formatiori®). The structure of
AC the complex prompted us to obtain quantitative thermody-
P

namic data for protein complex formation and to correlate

_ source GetArea NACCESS  ipese parameters to the structure of the pretpiotein
experimentd Soolar et al. 23 _1_93:1-2&9-1036 interface formed between Pdx1 and Pdx2. In addition to the
M%?pegyeagd f;r)ierem oan  —216 structure of theB. subtilisSPLP synthase, a complex structure
theoreticdl  Myers et al. 24) -1.84 -1.69 of the homologous holoenzyme frohhermotoga maritima
Makharadze and Privalo2Q) —3.17  —2.88 became recently availabl22). This PLP synthase complex
Robertson and Murphy?g) ~ —1.83  —1.80 is different in that it uses a wild-type Pdx2, but there is no

@ ExperimentalAC; values were calculated from the slope of linear  L-glutamine bound in the active site of the glutaminase.
regcr‘eSSIQS té)_theé; data-deheoretr'lcamcp values \]{Vefe Ca|CU|dated Nevertheless, the structure of the PLP synthase indicates the
as aescriped In r according to the respective reference and using formation of a fuIIy developed oxyanion hole: i.e.. the
the ASASA value determined by GetArea or NACCESS (values are . . . . . T
listed in Table 5). glutaminase is primed for catalysis, suggesting that activation

of the glutaminase subunit does not necessarily require

(AASASs) that occur upon complex formation (Table 5). binding of L-glutamine to the PLP synthase complex.
ASAs were determined using two independent and W|de|y InitiaIIy, we assumed that Complex formation is unfavor-
used methodsl6, 16). Both calculations yield similar values ~ able in the absence of substrate. Therefore, it was rather
for polar and apolar surfaces as well as for the changes insurprising to observe binding of Pdx1 and Pdx2 in the low
accessible surface area occurring during protein complexmicromolar range (6.8M at 25°C) in our ITC experiments.
formation (Table 5). ThRAASA calculations predict thatthe ~ Using the catalytically inactive Pd&2°V, it could be shown
largest contribution to the buried surface stems from apolar that the dissociation constant of the Pebfdx2 complex
areas (64%), in agreement with the negative heat capacitydecreases 17-fold in the presence gflutamine (0.3«M at
change determined from the temperature dependenselof 25 °C). Binding of L-glutamine to the individual proteins
(see above). These values were then employed to calculatéould not be detected in our microcalorimetry experiments,
theoretical heat capacity changes for formation of the Pdx1 however, the dissociation constant for binding-gflutamine

Pdx2 complex (Table 6) according to the equation to Pdx2 can be calculated on the basis of the thermodynamic
cycle shown in Scheme 2. The value obtained from this
AC, = Ac, AASA,, + AC,AASA, 3) calculation is 260uM, roughly 4 times lower than the

previously reportedy for this substrate [1 mM1(0)]. This
whereAASA is the apolar (ap) and polar (p) surface buried indicates that the rate of subsequent chemical steps contrib-
upon complex formation andc is the elementary contribu-  utes significantly to the MichaelisMenten parameter.
tion per square A of apolar and polar surface in the heat | aqddition to the effect on the complex dissociation
capacity changel(?). The best agreement to our experimen-  constant, we also observed an influence on the stoichiometry
tally determinedAC, was obtained using the parameters of the complex. In the absence pfglutamine, titration of
described in ref20 and21, yielding calculated\C, values Pdx1 with Pdx2 yields a stoichiometri\) of 0.5 for the
of —3.17 and-2.88 kJ mof* K* (GetArea and NACCESS)  pinary protein-protein complex, whereas in the presence of
and—2.44 and—2.16 kJ mof* K™* (GetArea/NACCESS), | g|utamine, the stoichiometry reaches unity. This indicates
respectively (Table 6). thatL-glutamine has a direct effect on the occupation of the
DISCUSSION docking sites on Pd?<1. Stro_hmeier et dl2 demonstrated _
recently that Pdx1 in solution occurs as a dodecamer in
A recent study of pyridoxal'sphosphate (PLP) synthesis equilibrium with a hexame{y ~ 3.7 uM), shifting entirely
by theB. subtilisPLP synthase demonstrated the requirement toward the dodecamer in the presence of P#%® and
for complex formation of the two components, Pdx1 and L-glutamine. If the two oligomeric states of Pdx1 have
Pdx2, in preparing the glutaminase domain Pdx2 for catalysisdifferent affinities for Pdx2, this could give rise to substo-
(10). The availability of a high-resolution 3D structure of a ichiometric binding of Pdx2 to Pdx1. However, since our
Pdx1—Pdx2'17°N— -glutamine ternary complex allowed us ITC experiments were performed at a Pdx1 concentration
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+Gln

Pdx2

Pdx1:Pdx2:GIn

Ficure 5: Secondary structure representation of free Pdx1 (A), free Pdx2 (B), and Pdx1 in complex with’P4x2). The structures are
colored according to theiB-factors by running a pymol script as provided by R. L. Campbell with enhancements from J. Stroud on
http://adelie.biochem.queensu:edt/work/pymol/. White-colored regions indicateBafactor lower than the averadgefactor, whereas red
regions indicate 8-factor above average-Glutamine is shown in a stick representation with oxygen colored red and nitrogen colored
blue.

that is ~10-fold higher than the&y for the dodecamer Table 1). BothAC, values (slope oAH vs T) are negative,
hexamer equilibrium, we can safely assume that Pdx1 isindicating that complex formation is associated with the
predominantly present in the dodecameric state, and hencedehydration of apolar areas in Pdx1 and Pdx2, and hence,
this rationale cannot be applied to explain our experimental apolar interactions dominate in the complex interface
data. Instead, we propose that Pdx2 occupies only half of (Table 5). However, the heat capacity change is almost twice
the docking sites on the dodecameric Pdx1 and that theas large in the absence ofglutamine as compared to its
binding of L-glutamine to Pdx2 triggers structural changes presence, suggesting that apolar interactions are even more
in the Pdx1 dodecamer, which leads to full occupancy of dominant in the substrate-free Pax®@dx2 complex. In other
the available docking sites. In this context, it is important to words, the relative contribution of polar interactions is higher
note thatL-glutamine needs to bind to Pdx2 first because in the protein complex when-glutamine is bound to the
the preformed PdxtPdx2 “encounter complex” also re- active site of Pdx2. Furthermore, the finding that a net
sponds with a lower stoichiometry to the addition of protonation eventis observed in the absencegliutamine

L-glutamine (see Table 2). also points toward a compositional change in the complex
A more detailed analysis of the temperature dependencyinterface (Figure 4).

revealed that the interactions in the PebBdx2 complex We were also interested in comparing our experimental

interface depend on the presence of the substrghgtamine. heat capacity changes with values obtained from theoretical

Although the dissociation constant for the complex remains calculations. Toward that end, we have used the protein
nearly constant over the examined temperature range (seestructures determined by X-ray crystallography to calculate
Table 1), the enthalpic and entropic contributions to binding the accessible surface areas (ASAs) and the changes occur-
depend on the presence ©ylutamine. In the absence of ring upon protein complex formation (Table 5). The best fit
L-glutamine, binding is endothermic at lower temperatures, to the experimental heat capacity change was found with
and hence, complex formation is largely driven by an models that assume a high positive value for the area
increase in entropy. In contrast to this, binding is exothermic coefficient for apolar and a high negative area coefficient
over most of the observed temperature range in the presencéor polar contributions (Table 6). From eq 3, we can also
of L-glutamine with a smaller contribution from the entropy interpret the more negative heat capacity change for complex
term. This can be interpreted in terms of a greater structuring formation in the absence ofglutamine in terms of a smaller
of the complex in the presence i6glutamine as compared  contribution ofAC,AASA, relative toAC; AASA,, i.e., more
with the substrate-free complex. apolar surface is buried relative to polar surface in the
This conclusion is corroborated by an analysis of the heat substrate-free complex. In the absence of a 3D structure of
capacity changes\C,) observed for complex formation in  the ligand-freeB. subtilisPdx1—Pdx2 complex, a comparison
the absence and presence wefjlutamine (Figure 3 and  with the ligand-freeT. maritima PLP synthase structure
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FiGure 6: (A) Heterodimeric complex oB. subtilisPdx1 (blue and green) and Pd®*ZN (yellow and red) in the presence iofglutamine
(brown, oxygen atoms colored red and nitrogen atoms blue). The interface formingxheéird the N-terminaB-strandsN, only visible

in the complex structure, are highlighted in darker blue and green, respectivelglix a2', only observed in the structure of the Pex1
2H170N complex, has also been highlighted in darker blue. (B) Surface representation of Pdx1 rotatécabyu®d the indicated axis in
comparison to panel A. The part of the surface interacting with Pd¥2is colored according to the electrostatic potential, as calculated
with GRASP. The area that is not in contact with P2 is colored brown. (C) Surface representation of Pd%2 colored in the same
way as Pdx1 in panel B. In comparison to panel A, P84 has also been rotated by 98s indicated by the arrow. The residues in each
monomer interacting with residues of the binding partner were identified using CONTACT (distance parameteds/A)f @ program
implemented in the ccp4 program sui6). Pymol was used to prepare the figur@g)(

would suggest that no structural changes occur on substrateentral part of thex-helix (Figure 6C). In addition, a small
binding. This in turn then requires that the differences be f-sheet is formed upon complex formation, which is absent

due solely to the changed interface wheglutamine is in the autonomous Pdx1 structure. The essential roteNof
present. andpN for complex formation was demonstrated by a Pdx1
The available crystal structure of the Pex@dx2-L- deletion mutant protein lacking 18 amino acids at the

glutamine ternary complex offers an opportunity to outline N-terminus, which was unable to form a complex with Pdx2
correlations to our thermodynamic data. The focus of our (12). Because-glutamine appears to have a pivotal role in
interest revolved around two main issues: (i) the structuring the structuring of the N-terminal amino acids of Pdx1, we
of the proteins upon complex formation as indicated by the @ssume that it occurs only in the ternary Petfx2-L-
observed loss of entropy and (i) the nature of the complex 9lutamine complex but not in the binary PdxBdx2
interface. As far as the first point is concerned, comparison complex. Therefore, the unfavorable entropic contribution
of the Pdxt-Pdx2 complex and the autonomous Pdx1 to formation of the ternary complex can be attributed to the
structure reveals the ordering of the N-terminus of Pdx1, ordering of the N-terminal segment of Pdx1 and also to helix
most notably the engagement of the N-terminal amino acids @2 on the opposite side of the interface (Figure 6).

(amino acids 2-6) in 5-completion with37 and$8 of Pdx2 The formation of the binary and ternary complex is
and the ordering of an-helix (designated heligN in Figure associated with a negative heat capacity change indicative
5) at the center of the interfac&3). As illustrated in Figure of the dominance of apolar interactions in the complex
5, the B-factors of helixaN decrease significantly upon interface. However, the heat capacity change is less negative
complex formation (compare panels A and C), indicating a for the formation of the ternary complex, suggesting that
loss of translational, vibrational, and rotational freedom of the relative contribution of apolar contributions is smaller.
the amino acid residues. Thishelix was found to cover  Inspection of the complex interface in the presence of
the entire length of the active site of Pdx2 engaging in salt L-glutamine, as depicted in Figure 6 (panels A and B), reveals
bridges at both ends with a hydrophobic patch in the more that the contact area between Pdx1 and Pdx2 is dominated
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by hydrophobic interactions (64%) with polar interactions
contributing only 36% (see also Table 5). It would follow

from these considerations that apolar interactions contribute

even more to the complex interface in the absence of
L-glutamine. Since the N-terminal amino acids appear to play
an important role in PdxtPdx2 binding, as demonstrated
by the effect of theA18-Pdx1 mutant protein, it is proposed

that these amino acids form a hydrophobic patch with apolar

amino acids at the surface of Pdx2. This assumption is
supported by the hydropathy index of the N-terminus of
Pdx1; however, their interaction partners on the surface of
Pdx2 remain unidentified in the absence of structural data.
In any case, binding of-glutamine to Pdx2 triggers the

ordering of the N-terminus as discussed above and shifts the

contributions to the complex interface toward more polar
interactions, i.e., causes the dissolution of hydrophobic

patches, suggested to involve the N-terminal amino acids of

Pdx1. From these considerations, we conclude that
glutamine induces the correct alignment in the protein
interface such that PLP synthesis can occur in the Pdx1
Pdx2 protein complex, or in other words, the initial encounter
complex of Pdx1 and Pdx2 is transformed into a catalytic
complex in which the pertinent amino acid residues are
aligned to act on the substrate. It will be interesting to see

whether the binding of the pentose and triose to Pdx1 has

similar effects on protein complex formation as suggested
by the recent complex structure of tAe maritima PLP
synthaseZ?). Our future efforts will now focus on individual
amino acid residues in the complex interface with the aim
of determining their contribution to complex formation.
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