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ABSTRACT. The binding of UDPN-acetylglucosamine (UDPNAG) to the enzyme UBIRacetylglucosamine
enolpyruvyl transferase (MurA) was studied in the absence and presence of the antibiotic fosfomycin by
isothermal titration calorimetry. Fosfomycin binds covalently to MurA in the presence of UDPNAG and
also in its absence as demonstrated by MALDI mass spectrometry. The covalent attachment of fosfomycin
affects the thermodynamic parameters of UDPNAG binding significantly: In the absence of fosfomycin
the binding of UDPNAG is enthalpically drivem\H = —35.5 kJ mot! at 15°C) and opposed by an
unfavorable entropy changAa$= —25 J moi! K1), In the presence of covalently attached fosfomycin

the binding of UDPNAG is entropically drivemAS = 187 J mot!K~! at 15°C) and associated with
unfavorable changes in enthalpxH = 28.8 kJ mot?). Heat capacities for UDPNAG binding in the
absence or presence of fosfomycin wetr&.87 and—2.74 kJ mot! K1, respectively, indicating that

most 70%) of the conformational changes take place upon formation of the UDPNW@A binary

complex. The major contribution to the heat capacity of ligand binding is thought to be due to changes
in the solvent-accessible surface area. However, associated conformational changes, if any, also contribute
to the experimentally measured magnitude of the heat capacity. The changes in solvent-accessible surface
area were calculated from available 3D structures, yieldingGy of —1.3 kJ mof! K% i.e., the
experimentally determined heat capacity exceeds the calculated one. This implies that other thermodynamic
factors exert a large influence on the heat capacity of pretéand interactions.

The first step in peptidoglycan biosynthesis in most of inorganic phosphate. Recently, a third enzyme (NikO)
eubacteria is catalyzed by the enzyme URMHacetylglucos- which shows significant sequence similarity to MurA and
amine enolpyruvyl transferase (MurAyhich catalyzes the  EPSP synthase was discovered fr@meptomyces tendae
transfer of the intact enolpyruvyl moiety from phosphoenol- and is presumed to catalyze a similar reaction in the
pyruvate (PEP) to the'3wdroxyl group of UDPN-acetyl- biosynthetic pathway of the antibiotic nikkomycid)( As
glucosamine (UDPNAG) (Scheme 1A))(A second enzyme  the pathway of peptidoglycan biosynthesis is restricted to
known to catalyze a similar reaction is 5-enolpyruvyl- eubacteria and the shikimate pathway to microorganisms and
shikimate 3-phosphate (EPSP) synthase, the sixth enzymeplants, these enzymes are important potential targets for the
of the shikimate pathway which is the biosynthetic pathway development of new antibiotics and herbicides. Despite their
of the aromatic amino acids and their derivatives in plants, structural and mechanistic similarities, inhibitors of these
microbes, fungi, and apicomplex&, (3). EPSP synthase enzymes show a high specificity. Glyphosate, the active
transfers the enolpyruvyl residue from PEP to the 5-hydroxyl ingredient in the broad spectrum and widely used herbicide
group of shikimate 3-phosphate with the concomitant releaseRoundup, specifically inhibits EPSP synthase, while the
antibiotic fosfomycin acts only on MurA by binding co-
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1 Abbreviations: ANS, 8-anilino-1-naphthalenesulfonate; CD, cir- with it is desirable.
cular dichroism; EPSP, 5-enolpyruvylshikimate 3-phoshate; fosfomycin In the last 5 years several 3D structures of MurA have

(FF), (1R,29-1,2-epoxypropylphosphonic acid; glyphosaie(phos- P . - .
phonomethylglycine; HEPES, 4-(2-hydroxyethyl)piperazine-1-ethane- become available; the unliganded enzyme is represented as

sulfonic acid; ITC, isothermal titration calorimetry; MurA, UDR- an open conformation (see Figure 1, left structuig) the
acetylglucosamine enolpyruvyl transferase; PEP, phosphoenolpyruvatethree-dimensional topology of which is similar to that of

PIPES, piperazine-1,4-bis(2-ethanesulfonic acid); S3P, shikimate 3-phos- i ;
phate; Tris, tris(hydroxymethyl)aminomethane; UDPNAG, URWP- unliganded EPSP synthasi).(Interestingly, both enzymes

acetylglucosaminedC,, heat capacity changAG, free energy change; ~ CONsist of two globular domains with an unique_ “inside-out
AH, enthalpy changeAS, entropy change. o/p-barrel” fold connected by a hinge regiorb, (6).
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study we report how the presence or absence of covalently
bound fosfomycin influences the energetics of binding of
UDPNAG, including the heat capacity changes associated
with formation of the binary and ternary complexes. The
experimentally determined values are compared to the
calculated ones, which were derived from the determination
of solvent-accessible surface areas of the open and closed
conformations of MurA. This approach shows that (i)
UDPNAG binding leads to a substantial conformational
change of MurA and (ii) conformational changes alone are
not sufficient to explain the heat capacity changes observed.
Our data suggest that, in addition to changes of the accessible
surface area, freedom of vibrational modes is restricted in
the closed conformation.

open

Ficure 1: Structure of MurA in the open [PDB entry 1NAVE)|
and closed [PDB entry 1UAE/{] conformations. The catalytically
important residue C115 is highlighted. The closed conformation MATERIALS AND METHODS

shows MurA cocrystallized with UDPNAG and fosfomycin. ) .
Chemicals and Enzymesosfomycin and UDMN-acetyl-

Moreover, the structurally and mechanistically important loop 9lucosamine (sodium salt) were from Sigma, Buchs, Switz-
of MurA between prolines 112 and 121 containing the €rland. 1,4-DithiceL-threitol, ethylenediaminetetraacetic acid

catalytically essential cysteine 115 is solvent exposed. On (EDTA), isopropylf-b-1-thiogalactopyranoside, HEPES, and

the other hand, the structure of MurA complexed with either PIPES were from Fluka, Buchs, Switzerland. Tris was from

UDPNAG and fosfomycin (see Figure 1, right structui@) (  BDH Laboratory Supplies, Poole, England.

or the fluoro analogue of the tetrahedral reaction intermediate  Trypsin (EC 3.4.21.4) from bovine pancreas (12 081 units/

(MurA, UDPNAG, FPEP) §) reflects a closed conformation.  mg; chymotrypsin activity<0.2%) was from Fluka, Buchs,

Therefore, it has been concluded that ligand binding is Switzerland.

associated with a conformational change which involves the  Expression and Purification of the Proteinvild-type

two domains moving toward each other with the loop closing MurA from Enterobacter cloacawas expressed and purified

the active site formed in the cleft between the doma®)s (  as described previouslyt?). The protein concentration was

Further investigations of UDPNAG binding to MurA by determined using an extinction coefficient of 24 020 'M

small-angle X-ray scattering and binding studies using 8- cm! at 280 nm.

anilino-1-naphthalenesulfonate (ANS) as an extrinsic fluoro-  sothermal Titration CalorimetryFor determination of the

phore suggested a partial conformational change uponheat capacity, all measurements were carried out in 50 mM

UDPNAG binding (0). This was also concluded from  HEPES/NaOH, pH 7.4, containing 2 mM DTT and 0.5 mM

limited proteolysis experiments with MurA, which revealed EpTA. Sample preparation and titrations were performed

a protective effect of UDPNAGI(). as described previously using a Omega titration calorimeter
To obtain more quantitative information on the process from Microcal, Inc. ((3). For the binding of UDPNAG to

of UDPNAG binding and the associated conformational free MurA, a solution of 20(«M MurA was titrated with 5

change, we investigated the binding of UDPNAG and mM UDPNAG at the indicated temperature, whereas in the

fosfomycin by isothermal titration calorimetry. In the present case of UDPNAG binding to MurA covalently bound to
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fosfomycin, MurA (190uM) was preincubated with 42 mM 50000

fosfomycin and titrated with 5 mM UDPNAG. A
To determine heat contributions due to coupled protonation 45000 1 1619 '

events upon binding, these two titrations were repeated in

various buffers of different ionization enthalpies under

otherwise identical conditions. The buffers and their ioniza-

tion enthalpies (in kilojoules per mole at F&) were as

30000 -

counts

follows: PIPES (11.26), HEPES (20.5), and Tris (47 8))( 20000 1 1660

For Tris buffer the ionization enthalpy of 47.4 kJ mbht

25°C (15) was extrapolated to 18C with the heat capacity 10000 |

of Tricine (14). The pH of the buffer was adjusted at the W

experimental temperature. The buffer concentration was 50 0 . . .

mM. 1600 1650 1700 1750 1800

MALDI-TOF-MS Analysis of Fosfomycin BindingurA

Mass (m:
(100uM) was incubated with 25 mM fosfomycin in 50 mM s (/)

Tris-HCI, pH 7.4, for 30 min at 28C. The tryptic digest 60000

and MALDI-TOF analysis were performed as reported 1660 B
recently ((6). To remove unbound fosfomycin prior to 50000

digestion, the samples were purified on a PD-10 column

(Amersham Pharmacia Biotech) as described previot3ly ( 40000 1

Calculation of Salent-Accessible Surface Aregolvent-
accessible surface areas of MurA in its closed and open
conformations were calculated using the program NACCESS
(18) and the PDB files of the 3D structural data deposited
in the database (Table 2). As there are two monomers of
MurA present in the asymmetric cell of the crystals of
unliganded MurA, the accessible surface areas were calcu- ! ) ‘ .
lated for both monomers, and the average was used for 1600 1650 1700 1750 1800
further calculations. A probe size of 1.4 A was used. From Mass (m/z)

these data the changes in polar and apolar solvent-accessibl
9 P P IEIGURE 2: Mass spectral analysis of free MurA (panel A) and MurA

surfape grea were calculated (Table 3). Thg polar and apola preincubated with high fosfomycin concentrations (panel B). The
contributions to the total change in accessible surface weremass peak at 1619 is due to the fragment comprising amino acids

then used to calculate the heat capacity for the binding 104-120 and disappears upon formation of the covalent adduct

30000 - 1755

counts

20000 -

10000 -

processes, according to with fosfomycin creating a new peak at 1755.

AC. = AcapAASAa — AC OIAASA ol 1) Table 1: Thermodynamic Parameters for the Binding _of UDPNAG

P P P P to Free MurA or MurA Covalently Bound to Fosfomyéin

whereAASA is the apolar (ap) and polar (pol) surface buried MurA + UDPNAG MurA—FF + UDPNAG
in the complex and\c is the elementary contribution per  T(°C) AH AG TAS AH AG TAS
squared angstrom of apolar and polar surface in the heat 15 _355 —27.6 —7.2 288 -251 530
capacity changel@). Since the structures of the open and 20 -46.8 —255 -—21.4 129 -270 398
closed forms of MurA were solved with the enzymes from 23 —52.8 —245 -283 ~0
En. cloacaeandEscherichia colirespectively, it is important 30 ~646 -238 ~—409 -—125  —271 145
to note that the sequence identity of these proteins is 93.6%_ AC  —1.87 —2.74

with the majority of exchanges being conservative in nature. 2 All measurements were performed in 50 mM HEPES, pH 7.4.
Values are means of duplicate experiments. ValueA®f AH, and
TASare in kJ maot!; AC,is in kJ moft K~%. AG was calculated from
AG = —RTIn Kg, whereKg is the binding constant determined by
ITC. The errors are estimated to B% for AG, £3% for AH, +9%
The binding of UDPNAG to MurA and the binding of  for AS and 15% forAG,

fosfomycin to the binary complex of MurA and UDPNAG
are amenable to microcalorimetry as the binding processesfluorescence quenching (data not shown) indicating that
are associated with observable heat chan@8s (n this fosfomycin binding occurs in the absence of UDPNAG,
study we extended previous studies with the aim to inves- albeit with a lower avidity. Further analysis by MALDI-TOF
tigate conformational changes associated with ligand binding mass spectroscopy revealed that fosfomycin, even in the
to MurA. absence of UDPNAG, is covalently linked to C115 (see
Binding of UDPNAG and FosfomycirAs previously Figure 2). As unbound fosfomycin was removed prior to the
noted, fosfomycin binds preferentially to the binary complex tryptic digest, it can be excluded that fosfomycin had reacted
of MurA and UDPNAG , 20). In the presence of UDPNAG  with the digested peptides.
inhibition kinetics revealed a dissociation constant of;8v6 The covalent binding of fosfomycin to C115 of MurA also
for the initial (i.e., noncovalent) ternary fosfomyein affects the thermodynamic parameters of UDPNAG binding
UDPNAG—MurA complex @0). Using tryptophan fluores-  (see Table 1 and Scheme 2). Therefore, calorimetric studies
cence, addition of fosfomycin to MurA resulted in a of UDPNAG binding to MurA alone and in the presence of

RESULTS
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Ficure 3: Temperature dependencedf (full circles), —TAS (open triangles), andG (open circles) for the binding of UDPNAG to
MurA (panel A) and for binding of UDPNAG to MurAfosfomycin (panel B). ITC experiments were performed in 50 mM HEPES, pH
7.4, containing 2 mM DTT and 0.5 mM EDTA. MurA (19@M) alone or preincubated with 42 mM fosfomycin was titrated with 5 mM
UDPNAG. AC, was obtained by the slope of a linear regression toAthedata.

Scheme 2 Table 2: Accessible Surface of Liganded and Unliganded Forms of
*AG = -27.6 kI mol” MurA and the Ligands
:%i:f; g ]g mo}__: total  polar apolar
AC =187 kjrgf(’)]_lK_l PDB  surface surface surface
MurA P » MurA:UDPNAG structure ety (A (A (AY
open conformation INAW
of wild-type MurA chain a 15974 7213 8761
. . . bl from En. cloacae chain b 15827 7161 8666
irreversible neversible average of 15901 7187 8714
aandb
chains
open conformation of 1DLG
C115S MurA from chaina 16403 7487 8917
MurA-FF —— 3 MurA-FF:UDPNAG En. cloacae chain b 16492 7586 8907
‘AG =-25.1 kJ mol”’ average of 16445 7536 8912
‘AH = 28.8 kJ mol” aandb
“TAS = 53.0 kJ mol” chains
AC, = -2.74 kJ mol'K"! closed conformation 1UAE 14869 6950 7919
- . . of wild-type MurA
aValues indicated with an asterisk were measured atC5 (E. coli) with UDPNAG
. . . _ and fosfomycin
high fosfomycin concentrations sufficient to generate the ¢josed conformation 1A2N 14982 7076 7905
covalent MurA adduct were carried out. of C115A mutant
Temperature Dependence of Thermodynamic Parameters. MurA (E. CO'%WIth
To determine the heat capacity associated with the binding UDUP?\IPA'\(‘;AG and FPEP 120 432 290
processes, ITC experiments were performed at 15, 20, 25,Fpgp 843 538 305
and 30 °C. The results are presented in Figure 3 and fosfomycin 263 145 118

summarized in Table 1. The binding of UDPNAG to free
MurA is enthalpically driven with a large negative enthalpy
and an unfavorable entropy change, whereas the binding to

the binary complex (MurA-fosfomycin) is endothermic and and from this the expected changes in heat capacity (see
entropically favored. At 25°C, this reaction is not ac- Table 3) were calculated as described in Materials and

companied by any measurable heat change and is OnlyMethqu..TheAASA andACp.vaIues calculated for various
entropically driven.AH and TAS depend strongly on the combinations of conformational changes from the open
temperature, whil\G is almost insensitive to temperature conformation of either wild-type or the C115S mutant protein
due to enthalpy-entropy compensation. The heat capacity to t_he cIo_sed c_:onformatlon of different complexes, cocrys-
AC, was calculated from the slope of the regression lines of t@llized with either UDPNAG and fosfomycin or a fluoro
AH versus temperature. The binding of UDPNAG to MurA analogue of the tetrahedral reaction intermediate, are sum-

in the absence and presence of fosfomycin was characterized@rized in Table 3. The buried apolar surface area is larger
by AC, = —1.87 kJ mot* K- andAC, = —2.74 kJ mot? than the buried polar surface area. The calculated heat

K-1, respectively (see Table 1 and Scheme 2). capacity change for the entire process (Table 3), from the
Correlation betweemAC, and Surface Area Buried on rée enzyme to the ternary complex@, = —1.3 kJ mot*
Substrate BindingThermodynamic parameters for ligand K_*l), is 5|gn|f|cantl_y_ smaller than the experimentally deter-
protein interaction can be related to changes in solvent- Mined heat capacities for the partial processes (Table 1).
accessible surface area. With the structures of the open and Determination of Protonation EnthalpieSubstrate bind-
closed conformations available, the changes of solvent-ing and conformational changes associated with it can
accessible surface area (see Table 2) could be determinednfluence the environment of some amino acids and, hence,

a2The errors are assumed toH&0% for the calculated surface areas.
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Table 3: Changes in Solvent-Accessible Surface Areas

AASAwa AASAp AASAL,  AC, (k]
binding event (A2 (A2 (A% molltK-3P
UDPNAG and FF —2010 —810 —1200 -1.3
to wild-type MurA
(LUAE/INAW)e
FPEP to wild-type MurA —1760 —650 —1110 —1.32
(LA2N/INAW)
FPEP to C115S —2310 —1000 —1310 —-1.3
mutant MurA
(1A2N/1DLGY

a Accessible surface areas were calculated by subtraction of the
surface of the free ligands and the free protein in the open conformation
from the surface of the liganded protein in the closed conformation.

Samland et al.

analysis. This could be due to phosphate binding in or near
the binding site of UDPNAG or fosfomycin.

DISCUSSION

The thermodynamic investigations presented here show
that the binding of UDPNAG to free MurA is enthalpically
driven with AH = —35.5 kJ moi! at 15°C (Scheme 2).
The associated large negative entropy26 J moi! K1)
has been interpreted in terms of a conformational change
(13). These changes in enthalpy and entropy for the bind-
ing of UDPNAG to free MurA could be explained as
follows: the binding of UDPNAG to free MurA is dominated

bHeat capacity changes were calculated on the basis of the valuesPy contributions from van der Waals and/or hydrogen-

reported in refl9. ¢ Average values of chains a and b were taken for
INAW and 1DLG (see Table 2).

40 T T T

30F L & .
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= 10 7
g
i~ I
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MurA + UDPNAG
-30 %
-40 L L 1 L
0 10 20 30 40 50
AH,, (kJ/mol)

Ficure 4: Protonation effect accompanying UDPNAG binding to
free MurA and MurA-fosfomycin. Experimentally observed en-
thalpy changesAH,s Were plotted as a function of the ionization
enthalpy of the bufferAHi,,, at 15°C to evaluate the protonation
effect. The ITC experiments were performed in 50 mM PIPES,
HEPES, and Tris, pH 7.4, containing 2 mM DTT and 0.5 mM
EDTA. Open circles represent the experimental values for titrations
of MurA with UDPNAG,; solid circles represent the experimental
values for titrations of the binary complex of MurA and fosfomycin
with UDPNAG.

their pK, values. Therefore, substrate binding can be ac-
companied by an exchange of protons between ionizable
groups of amino acid residues and the buffer. As this
contributes to the apparent enthalpy chamgds,, measured

in ITC, the observed enthalpies have to be corrected for the
ionization enthalpy of the buffer by measuring the same
process in buffers with different ionization enthalpias,.).

The binding enthalpy can then be calculated according to

AHobs= AHbind + nH+AHion (2)

bonding interactions21). This is confirmed by structural
data as the structure of MurA cocrystallized with UDPNAG
and fosfomycin reveals a hydrophobic binding pocket for
the nucleobase uridine and eight hydrogen bonds between
UDPNAG and MurA (7). The formation of the hydrogen
bonds is associated with a loss of motional freedom of the
amino acid side chains involved in these interactions, which
leads to a decrease in entropy. In contrast, the binding of
UDPNAG to MurA—fosfomycin is an endothermic and
entropically driven process. The favorable entropy could
result from the release of water molecules from the active
site into bulk solvent19). A comparison of free MurA with

the ternary complex (MurA, UDPNAG, fosfomycin) reveals
that 13 water molecules are released from the active site upon
ligand binding 22), not to mention the rearrangement of
solvent on the surface upon the conformational change. In
addition, the observed heat absorption and the large positive
entropy changes for the binding of UDPNAG to MurA
fosfomycin could result predominantly from hydrophobic
interactions and desolvation of the substrate as well as the
enzyme 21). A more comprehensive discussion of these
differences in the thermodynamic parameters in the absence
and presence of fosfomycin requires the availability of
structural information of the binary complex of MurA with
UDPNAG and fosfomycin, respectively. Both binding proc-
esses show an enthalpy/entropy compensation, which is
described in the literature as an ubiquitous phenomenon for
association reactions and is due to the properties of water as
the solvent 23).

Previously reported binding studies suggested a partial
conformational change upon UDPNAG binding to MurA
(20). In particular, the effect of UDPNAG on the binding of
the second substrate PEP and the ability to form the
O-phosphothioketal reaction intermediate have been dis-
cussed in terms of a conformational chanyy® (UDPNAG
exerts a similar effect on the binding of fosfomycin to MurA
(9, 20). In a recent report, ITC experiments have supported

whereny+ designates the number of protons that are releasedthe notion that fosfomycin binds preferentially in the presence

(nyt > 0) or taken up iiy+ < 0) by the buffer 19). The
enthalpies determined in 50 mM PIPES, HEPES, and Tris
buffer, pH 7.4, for the binding of UDPNAG to MurA in the

of UDPNAG (13). Here, we have shown that fosfomycin
binds covalently to C115 of MurA even in the absence of
UDPNAG. Despite the synergistic effect on the binding of

absence and presence of fosfomycin are summarized infosfomycin, the affinity of MurA for UDPNAG does not

Figure 4. As both processes are not a function of the buffer
ionization enthalpy, the enthalpies observed in the ITC
experiments do not require correction.

depend on the presence of fosfomydi (n the absence of
fosfomycin 25 uM, in its presence 2uM). Similarly,
calorimetric studies of EPSP synthase fremcoli revealed

The measurements were also carried out in phosphatea strong synergistic effect (80 000-fold) of S3P on the binding

buffer, but as this seems to influence the thermodynamic
parameters significantly, these data were not included in the

of the inhibitor glyphosate2) but not vice versa. This is
contradictory to thermodynamic studies reported recently for
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binding of S3P and glyphosate to EPSP synthas8tiep- 20

tococcus pneumonia@5). The authors could determine a 101

synergistic effect (1600-fold) for both ligands. This syner-

gistic effect of S3P was interpreted in both cases as evidence 0

for a conformational change upon S3P binding, resulting in 10 ‘ ‘ o !

a high-affinity binding site for glyphosate.
In agreement with the predicted conformational change,
the thermodynamic characterization of the binding of

AT-factor
S

UDPNAG to free MurA and MurA-fosfomycin revealed a %

large negative change in heat capacity. The experimentally -40 1§

determined heat capacities aré.87 and—2.74 kJ mot? -50 . . . .
K1, respectively. It is a common phenomenon that ligand 100 200 300 400
binding is accompanied with negative changes in heat Amino acid number

capacity, and the largest contribution is thought to be due to Figure 5: Influence of UDPNAG and fosfomycin binding on the
changes in solvent-accessible surface at@a Calculation temperature factors observed for MurA. From the temperature

of the expected heat capacity change for the conformationalfactors of each atom as reported in the corresponding PDB file the

- ; average temperature factor of each amino acid in the open (INAW)
change of free MurA (open conformation; see Figure 1, left and closed (1UAE) conformations was calculated. Here the

structure) to the ternary complex (closed conformation; see gfterence of the temperature factor of each amino acid in the open
Figure 1, right structure) resulted iC, = —1.3 kJ mot* and closed conformations is plotted against the amino acid number.
K~L. This calculated heat capacity change for the whole The catalytic loop comprising amino acids HP21 is marked.
process, including not only dehydration of the binding site

but changes in hydration due to the conformational changesheat capacity. However, in our hands, the apparent experi-
of the protein as well, is smaller than the experimentally mental heat capacity decrements for the two reactions studied
measured\C, values for the individual steps (see Scheme do not display any statistically significant temperature
2). Therefore, the change in buried surface area is not thedependence between 15 and°80(Figure 3). Two explana-
only process responsible for the changes in heat capacitytions are possible. Either the temperature interval of the
In principle, one can envisage additional sources of heatexperiments is too narrow to detect a nonlinear dependence
capacity changes upon ligand binding to a receptor site. of AH onT or, else, the conformational selection model does
Possible contributions from temperature-dependent confor-not apply in the case of MurA.

mational equilibria of free MurA itself (partial refolding upon A comparison of the two experimentally determing@,
binding) are unlikely since no changes of the CD signal were changes reveals that ca. 70% of the heat capacity change is
observed over the temperature range studied-85°C). associated with the binding of UDPNAG to free MurA
Moreover, a comparison of the structures of free MuBA ( relative to the binding of UDPNAG to form the ternary
and the ternary complexY demonstrates that binding is not complex (see Scheme 2). Sind€, = —1.87 kJ mot1 K1
associated with any changes in secondary structure. It isfor the binary MurA~-UDPNAG complex exceeds the
possible that conformational changes associated with tem-calculatedAC, = —1.3 kJ mot! K~ for the whole process,
perature-dependent enthalpic processes contribute to the heahost of the conformational change is associated with this
capacity change. These may involve newly formed interac- step. We propose that the additional change in heat capacity
tions upon conformational change such as the movement ofmeasured for the formation of the ternary complex of MurA
the loop comprising residues 11221, which then forms  UDPNAG—fosfomycin is caused by loss of vibrational
multiple interactions with the ligands and protein groups in modes in the ternary complex. “Soft” internal degrees of

the vicinity of the binding pocket. freedom with fundamental frequencies less than-5800
It has been argued that heat capacity is a measure of theem™! are assumed to be important contributions in binding
width of the distribution of enthalpic microstate21j. and conformational transitions involving proteir8). Tidor

Ligands bind preferentially to certain microstates, which and Karplus demonstrated by computational methods that
results in a shift of the average enthalpy and in a restriction many modes below 460600 cn1? contribute to the vibra-

to less possible microstates. If the ligand binding shifts a tional entropy and heat capacity of protejprotein and
preexisting equilibrium between “binding-competent” (A) protein—ligand binding 29). In another recent theoretical
and “binding-incompetent” (B) receptor conformations, an study, frequencies below 200 cfhave been identified as
additional contribution to the heat capacity will resi26( the fundamental source of vibrational contributions to the
27). It arises from the thermodynamic coupling of binding thermodynamics of conformational changes in proted@. (

to the equilibrium A< B and is not zero even if the heat Furthermore, vibrational contributions are not restricted to
capacity characterizing the A B transition is negligibly the protein. The reduction of translational and soft vibrational
small. In the case of MurA, this can be rationalized as modes of bound water is thought to have a pronounced effect
follows. The unliganded MurA in its open conformation is on the thermodynamics of ligand bindirgg( 31). As already
flexible, which allows the domains and the loop to move. mentioned, there is sound crystallographic evidence that
UDPNAG binds preferentially to a less flexible form that is water participates in one way or another in ligand binding
closer to the closed crystallographic conformation with the to MurA. The importance of vibrational effects to the
two domains tightly packed and the loop fixed in the active thermodynamics of formation of the ternary complex is
site (7) (see also Figure 5). One important prediction of the supported with results obtained by limited proteoly4i$)(
“conformational selection” model is thatH vs T plots will One strong indication of the restriction of soft vibrational
not be linear, thus reflecting temperature dependence of themodes is the change of temperatuB? factors. As shown
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in Figure 5, the closed conformation has overall lower

temperature factors compared to the open conformation.
Notably, the most prominent decrease in temperature factors

is observed for residues 13221 which are located in the
loop that forms multiple interactions with residues in the

active site and the ligands. Taken together, the thermody-

namic, structural, and biochemical information available so
far strongly indicates that the presence of fosfomycin in the
ternary MurA-UDPNAG—fosfomycin complex leads to a
reduction of the vibrational content of the enzyme.
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