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ABSTRACT. Here we describe the large-scale domain movements and hydration structure changes in the
active-site cleft of unligated glutamate dehydrogenase. Glutamate dehydrogenaseh&omococcus
profundusis composed of six identical subunits B 46K, each with two distinct domains of roughly

equal size separated by a large active-site cleft. The enzyme in the unligated state was crystallized so that
one hexamer occupied a crystallographic asymmetric unit, and the crystal structure of the hexamer was
solved and refined at a resolution of 2.25 A with a crystallograptfactor of 0.190. In that structure,

the six subunits displayed significant conformational variations with respect to the orientations of the two
domains. The variation was most likely explained as a hinge-bending motion caused by small changes in
the main chain torsion angle of the residue composing a loop connecting the two domains. Small-angle
X-ray scattering profiles both at 293 and 338 K suggested that the apparent molecular size of the hexamer
was slightly larger in solution than in the crystalline state. These results led us to the conclusion that (i)
the spontaneous domain motion was the property of the enzyme in solution, (ii) the domain motion was
trapped in the crystallization process through different modes of crystal contacts, and (iii) the magnitude
of the motion in solution was greater than that observed in the crystal structure. The present cryogenic
diffraction experiment enabled us to identify 1931 hydration water molecules around the hexamer. The
hydration structures around the subunits exhibited significant changes in accord with the degree of the
domain movement. In particular, the hydration water molecules in the active-site cleft were rearranged
markedly through migrations between specific hydration sites in coupling strongly with the domain
movement. We discussed the cooperative dynamics between the domain motion and the hydration structure
changes in the active site of the enzyme. The present study provides the first example of a visualized
hydration structure varying transiently with the dynamic movements of enzymes and may form a new
concept of the dynamics of multidomain enzymes in solution.

Proteins fold and work in water, their natural medium. is the subject of much discussion to understand how proteins
Because water is a complex fluid with unusual physical fold and work in water %).
properties caused by hydrogen bondd, (it has great Hydration structures of proteins have been investigated
influences on the dynamics of proteins. Therefore, the using various experimental techniques and theoretical simu-
interface between water and proteins, the hydration structure lations, with respect to the amount, the geometry and the

influences on the dynamics and stability of proteiBs ).
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C-domain

Ficure 1: (A) Stereoview of hexameric GIuDH fromip in a crystallographic asymmetric unit. The six subunits are shown as ribbon
models and are distinguished by their colors (subunitl, cyan and blue; subunit2, pink; subunit3, green; subunit4, indigo; subunit5, red;
subunit6, yellow). The secondary structures in the ribbon model were defined using the DSSP pégraing colors of C-domain and

N-domain are distinguished only in subunit 1. The small spheres indicate the positions of hydration water molecules identified (see also
panel B). The bar in the right side corresponds to 50 A. The same coloring-scheme for the subunits is used for all the figures. (B) A
stereoplot showing the distribution of hydration water molecules around subunit 1. The hydration water molecules interacting directly with
only subunit 1 are presented as small red spheres. The orange fishnets superimposed on the ribbon model are omit-annealed difference
electron density maps of hydration water molecules calculated with the reflections between the Bragg spacings of 8.0 and 2.25 A and
contoured at the 4dlevel. The residues forming the active site are shown by stick models.

scale and spectacular movements of domains between theicofactor NAD or NADH (18), and the hexameric form
unligated and ligated stated1—13). The movements are  (Figure 1 A) of GIuDH is the biologically functional unit in
indispensable to the biological functions, such as substratesome organisms1@). The subunit of hexameric GluDH
binding and catalysis. As observed in T4-lysozymd—{ consists of two separate domaindws 23K: the nucleotide
16) and calmodulin 17), multidomain enzymes exhibit  binding domain (N-domain) and the core domain engaging
spontaneous domain movements in their unligated state, andn the hexamer formation (C-domain) (Figure 1BD(21).
crystallization of the enzyme sometimes traps the transientBetween the two domains, the active-site cleft harbors, and
state of the movement. Cryogenic X-ray crystal structure the substrate-binding site is located at the depth of the cleft
analyses for such crystals provide the trapped transient(Figure 1B). The N-domain is known to exhibit a large-scale
hydration structures as well as the trapped conformational movement between the unligated and ligated st&@(1).
state in the domain movements. In addition, crystal structures of unligated GIuDH from

In the present study, we selected hexameric glutamate | Abbreviat IUDH. alutamate defvd .
H reviations: u , glutamate aenyadrogenase, rms, root-mean
dehydrogenase (GIuDHps a research target. GIUDH is a square; Rg, radius of gyration; SAXS, small-angle X-ray scattering;

multidomain enzyme catalyzing the reaction from glutamate T, Thermococcus profunduif, Pyrococcus furiosydm Thermotoga
to 2-oxyoglutarate and ammonia in the presence of the maritima Tl, Thermococcus litoralisCs, Clostridium symbiosum
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Va_rious_ organisms and mUta_ntS exhibited Yari_ety_in the Table 1: Statistics of the Diffraction Data and the Refined
orientations of the two domain@, 22—29), indicating Structural Model
spontaneous motion of the N-domain in solution like T4-

data collection

lysozyme (6) and calmodulin17). Mutational studies also resolution (A) 100.6-2.25
supported the spontaneous fluctuation of the N-domain in no. of observed reflections 1488939
the unligated state2@). However, no direct structural no. of unique feﬂeCtiOHS 206 382
evidence has been reported for GIUDH. In addition, as well lcl(;mp'eteness (%) 1793'(73(2?%)
as other multidomain enzymes, it is unknown what causes | b 0.063 (0.322)
the domain motion and how the motion couples with the  refinement
hydration water molecules surrounding the enzyme. resolution (A) 8.6-2.25

In the present study, the crystal structure of hexameric ;nggtiéeﬂecnonsr{ > 20) 38138297
GIuDH from hyper_thermoph|IeThermo_coccus profundus Rfred 0.250
(30, 31) was determined at 110 K, including the large number  structure model
of hydration water molecules. The motions of the N-domains protein (non-hydrogen atoms) 19 250

sulfate ions 16

in the six subunits were trapped differently in the crystal-

lization process, and the hydration structures exhibited Egﬂga;'%water molecules Oéffl
significant variations, in particular, in the active-site cleft. angle (deg) 1.64

In addition, small-angle X-ray scattering (SAXS) profiles ion pair statistics

indicated the motion of the N-domain to be of larger no. of ion pairs per hexamer 222
magnitude in solution than in the crystalline state. Here we (E}g’b?';f;rgggsr‘eps?é&zz'?g&ing fon pairs 04'89
report the structural changes in both the enzyme and the % of ion pairs formed by Arg/Lys/His 74/26/0
hydration and discuss the possibility that a few hydration % of ion pairs formed by Glu/Asp 48/52

water_molequles in the active site Qirectly. couple with the a1 highest resolution shell is from 2.33 to 2.25%R. .. =
domain motion. The present report is the first to reveal that 5,5 1,h) — D(h)Ws.3li(h), where Ii(h) is the intensity of ith
the hydration structures exhibit cooperative variation with observation of reflectioh. ¢ R= 3 |Fondh) — Feadh)I/¥ nFongh), where

the large-scale dynamical motion of enzymes at high Fo{h) andFcadh) are the observed and calculated structure factors of
resolution reflection h, respectively? R-free factor was calculated for 10% of

unique reflections, which were not used in the structure refinement
MATERIALS AND METHODS .throughout 45). ¢ Root-mean-square deviation from ideal sterepchem-
ical geometryf The ion pair statistics were calculated by using the

Crystal Structure DeterminationThe purification and criteria of Barlow and Thorntor¥). After the calculation, the geometry
crystallization of recombinant GluDH dfpwere carried out ~ ©f the ion pairs was reexamined manually.
as described previously31, 32). The crystals obtained
belonged to space grolg®; with the lattice constants Gf The structure refinement and model building were carried
= 112.99,b = 163.70,c = 133.07 A, and3 = 113.46 at  out with X-PLOR @5) and turbo FRODO (Biographics),
110 K, and one hexamer of GluDH occupied a crystal- respectively. The conventional protocol, including the simu-
lographic asymmetric unit. lated annealing, was applied under the stereochemical

The diffraction intensity data were collected by the parameters proposed by Engh and Hul&8).(The suit of
oscillation method at the BL44B2 beamlir&3f of SPring-8 program FESTKOPY) carried out the picking-up of hydra-
as previously reported3@). The programs DENZO and  tion water molecules from difference Fourier electron density
SCALEPACK (34) were used to process the diffraction maps. The hydration water molecules included in the model
intensity data (Table 1). The reflections were collected up had thermal factors of less than 78 &nd exhibited electron
to the resolution of 2.0 A, and those up to 2.25 A were used density peaks of more than 3:5n their omit-annealed
in the subsequent analysis, because Fﬂ;@rge value was difference Fourier electron density maps throughout the
higher than 0.30 and thiéo value lower than 3.0 beyond subsequent refinement rounds. The final statistics of the
the Bragg spacing of 2.25 A (Table 1). refined hexamer model were summarized in Table 1. The

The crystal structure of the GIluDH hexamer was solved program DynDom 12) was used for analyzing the domain
by the molecular replacement method using X-PLGB)( movement. The FESTKOP progran®)(was used for
The search model used for the analysis was constructed fronsystematically analyzing the first hydration shell. In the
the structural model of GIuDH dPyrococcus furiosu§Pf) present study, the lower and the upper limits of the hydrogen
(22) [the accession code is 1GTM in the Protein Data Bank bond distance were set at 2.4 and 3.4 A, respectively.
(36)]. Through the rotation search followed by the Patterson-  Small-Angle X-ray Scattering ExperimeAtsmall-angle
correlation refinement3{7) and the subsequent translation X-ray scattering experiment was performed at BL4538) (
search, one prominent solution was found. However, the of SPring-8. The X-ray wavelength was tuned to 1.0000 A
structural models of the N-domains in subunits 1, 2, and 5 and the camera distance was set at 2200 mm. The CCD
did not match with the calculated electron density maps, detector combined with an image intensifidO) was used
suggesting different quaternary structures in those subunitsfor recording the scattering pattern, and the exposure time
with the other. A rigid body refinement corrected the position was 1 s for each measurement. The circular averaging
of the N-domains and gave a nice match between the modelsprocedure 40) reduced the two-dimensionally recorded
and the calculated electron density maps. Because of thisSAXS profiles.
variation, we did not apply the noncrystallographic 32-  The scattering experiments were carried out both at 293
symmetry constraint to the hexamer in the following structure and 338 K using a temperature controlled sample cell holder.
refinement. Scattering profiles of sample solutions and buffers were
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alternately measured to avoid systematic errors in the dataother subunits and are prominent at the tips of the N-domain.
analysis. To correct the concentration effect in the SAXS Because the N-domain of subunit 6 is completely free from
profile, the concentration of the enzyme solution was varied crystal contacts, the temperature factors of its N-domains
from 1.0 to 3.0 mg/mL in increments of 0.5 mg/mL. The seem to reflect directly the fluctuating nature of the N-domain
concentration effect and the radius of gyration (Rg) were in solution.

analyzed by using the suite of programs, iisgnai).(The Referring to the structure of the ligated enzyme from
pair-distribution functionP(r) was calculated by using the Clostridium symbiosurfCs) (21), we identified the residues
program GNOM 41). The program DEBYE (Nakasako, forming the active site (Figures 1B, 2A, and 3). Lys69,
unpublished work) was used for the theoretical calculation Met90, Asp145, and Thrl175 are in nearly the same confor-
of the scattering curve, thig(r) function and the Rg value  mation in all the six subunits. Val348 and Ser351 belonging

of the crystal structure. to the helix forming the bottom of the cleft exhibit small
positional shifts of~1 A through the displacement of the
RESULTS helix. The conformations of the side chains in Val348s are

_ _ . very similar of those observed in the ligated enzym€m
Variety in the Quaternary Structures between the SiX 51) | contrast, those of Ser351s are the same as in the

SubunitsFigure 1A shows the overall structure of the GIluDH unligated oneZ0). Therefore, The structural changes in the
hexamer with 1931 hydration water molecules. The ion-pair active-site cleft are small.
statistics of the present structural model_were very similar Hydration Structure Changes in the AiSite Clefts of
to those for GIuDH fromiThermotoga maritimgTm) (24), the Six Subunitdn the present study, the cryogenic X-ray
and the thermostability of this enzyme will be discussed igra tion experiment revealed numerous hydration water
elgewhere. In the crystal lattice, the hexamers interact with molecules to discuss the variation in hydration structure
adjacent ones through only 14 hydrogen bon&.e A a_md between the subunits. Except for subunit 6 with the N-domain
19 van der Waals c_ontactsB.? A)'. Wh'le the Interactions exhibiting large positional fluctuation, around every subunit,
are formed at the tips of N'dor.“a'”_s in subunits 1, 2, 3, 4, 504300 hydration water molecules in the first hydration
and 5, the N-domain of subunit 6 is completely free from gpq \vere identified. The amounts correspond te-25%
crystal contacts. The crystals analyzed here have appeare f the molecules required for the monolayer hydration of
merely even through very careful preparation of the crystal- each subunit, when applying the average value of surface
lization buffers 82). The small number of interactions in area covered, by one water molecule in the first hydration
the crystal_latt_ice may explain why the reproducibility of = gpq ©). About 50% of hydration water molecules in the
the crystallization is very low. first hydration shell reside in nearly the same hydration sites
The six subunits appear in the different quaternary in all subunits, and the rest exhibit positional differences of
structures from each other with respect to the positions andmore than 1.3 A.
orientations of N-domains relative to C-domains (Figure 2 The variety among hydration structures is most prominent
A). Despite the variation, the structures of individual domains in the active-site clefts, despite the small structural changes
are nearly the same as indicated by the small positionalin the residues forming the cleft. Because the interior of the
differences of main chain atoms, less than 0.5 A, between cleft is completely free from crystal contacts, the observed
the subunits (Figure 2B). Analysis revealed the presence ofhydration structures in the clefts must reflect intrinsic forms
a hinge, which rotates the N-domain more thamd shifts  during domain movement in solution. Therefore, a detailed
the tips of the N-domain more than 10 A between subunit 1 comparison of the hydration structures between the three
and subunit 5 (Figure 2, panels A and B). The candidates states may provide clues for discussing the mechanism in
for the residues forming the hinge are Gly182, Gly183, the reorganization of hydration structures coupling with the
Leul85, and G|y186 nearby the active site and G|y361 far |arge_sca|e motion of the N-domain.
from the site (Figure 2A). These five residues compose two | the open state (subunit 1), 36 hydration water molecules
long loops connecting the two domains and are almost free agdsorb densely in regions A, C, N, P, and R (Figure 3 A) of
from strong interactions with the other portions of the the cleft having dimensions ef16 A wide and~12 A deep.
subunits. In particular, the variation of tgeangle in Leul85  Three molecules are confined in sites-H33 of the relatively
between 134 and 182xplains approximately the observed hydrophobic moiety inside the molecular surface of the
quaternary structures. As a result, the quaternary structuresenzyme. The molecules in region P are in a characteristic
of the subunits are classified roughly into three with respect grrangement like a prop between the two domains. In
to the orientations of the two domains (Figure 2, panels A addition, one sulfate ion occupies the substrate-binding site
and B): subunit 1 is in the “open”, subunits 2 and 5 in the sq that its two oxygen atoms take place the position of the
“closed”, and subunits 3, 4, and 6 in the “medium” state sybstrate carboxyl group expected in the ligaBsi5IuDH
(Figure 2A). In addition, the ion pair networks in this (21). This ion forms hydrogen bonds with the two hydration
hyperthermostable enzyme contribute little to restricting the water molecules, B2 and P6, and a weak one with Lys 69.
domain motion (data not shown). The middle of the cleft is free from hydration water
The variations in the quaternary structures are likely molecules, indicating the inherent disorder of hydration
explained by the ideas that each subunit undergoes spontanestructures in that space. The hydration water molecule Al
ous hinge bending motion and that the motion is trapped in resides at nearly the same position as “Water 1", which has
the intermediate state through the different modes of crystal been found irCsGluDH in the ligated state and is important
contacts. The extremely large temperature factors in thefor the hydride transfer reactio2l).
N-domain of subunit 6 may support this idea. The factorsin  In the medium state (subunits 3, 4, and 6), the N-domain
the domain of subunit 6 are more than twice those in the shifts toward the C-domain by2 A at the mouth ane-0.5
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FiGure 2: (A) stereoplot for the @-traces of subunits 1 (cyan), 3 (green), and 5 (red) after overlapping optimally their main chain atoms

in the C-domains. The blue spheres indicate the positions of the residues composing the hinge (see test). The colored stick models are the
side chains of the residues forming the active site in subunit 1. (B) The positional differencesabdi@s in subunits-26 from those in

subunit 1 are plotted against the residue number. The difference values are calculated after optimally superimposing the C-domain of each
subunit onto the domain in subunitl as shown in panel A. For the C-domains, the overall rms difference values betweetaims Gf

six subunits ranged from 0.17 to 0.45 A. (C) The average thermal factors of main chain atoms of six subunits plotted against the residue
number. The colors of the dots in panels B and C are in accordance with the coloring scheme of subunits defined in Figure 1A.

A at the depth of the cleft relative to the open state (Figure upper part (P£P3) shift together toward the C-domain by
3B). Some hydration water molecules identified in regions 1.4 A. Between the two domains, hydration water molecules
A and N of the open state (Figure 3A) are inappreciable in R2—R5 appear around the mouth of the cleft so as to extend
the electron density maps of the three subunits in the mediumthe network of hydrogen bonds in front of Arg187.

state, and the molecules at sites-H33 in the open state Further closing of the N-domain narrows the clefttg
completely disappear. As a result, the number of hydration A at the mouth and-0.5 A at the depth. In the closed state
water molecules is the smallest among the three state as arfFigure 2A), the number of identified hydration water
average (23 molecules in subunit 3, 19 in subunit 4, and 21 molecules is 27 and 30 in subunits 2 and 5, respectively.
in subunit 6). In addition, the hydration water molecule AO The increase in the amount of hydration water molecules in
takes the place of the sulfate ion found in the open state.regions A and N in the closed state contrasts with the
The prop-like arrangement in region P is broken at the middle decrease in the medium state described above. The molecule
(P3 and P4), and the three hydration water molecules in theAO at the depths still resides at the binding site of the sulfate
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Ficure 3: Stereoplots of the hydration structures in the active-site cleft in subunitl (A), subunit 3 (B), and subunit 5 (C). The main chain
and some side chains of the subunits are presented as cyan-colored stick models. The bold stick models show the residues forming the
active site. The colored spheres indicate the positions of hydration water molecules. The red spheres in panels A, B, and C are the positions
of the molecules in subunits 1, 3, and 5, respectively. In panel B, the blue spheres are those of subunit 4, and the yellow ones are of subunit
6. In panel C, the purple spheres are of subunit 2. The omit-annealed difference electron density maps of the solvent molecules are superimposed
in the same way as in Figure 1B. For clarity, the colors of the maps are distinguished depending on the location of the hydration water
molecules. The hydration water molecules are named and numbered as follows: the molecules adsorbing on the floor of C-domain are
labeled as “C”, below N-domain as “N”, around Arg187 as “P” and “R”, around the substrate binding site as “A” and in the hydrophobic
cavities behind the molecular surface as “B”. The dots in pink represent the molecular surface around the active sites calculated by Connolly’s
method 48) with a probe radius of 1.4 A.

ion, and three molecules surrounding it (indicated by red The domain motion presumably causes these changes in
arrows in Figure 3C) are located at suitable positions for hydration structure in the cleft. In particular, the hydration
hydrogen bonding with the molecules P6 and N1. The other structure changes in regions B, P, and A are very interesting
three molecules near Met 90 and Asp 145 reside at siteswhen examining the dynamical coupling between the domain
nearly identical with those in the open state. On the surface motion and reorganization in hydration structure in this
of the N-domain, the population of hydration water molecules €nzyme.

more closely resembles that in the open state rather than the Hydration Structure around the Hinge Regioithe
medium states with respect to both the arrangement and thepositional shifts of the residues in the hinge regions-ates
amount. A between the open and the closed state (Figure 2B). The
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Ficure 4: Stereoplots of the hydration structures around hinge regions of subunit 1 (A), subunit 3 (B), and subunit 5 (C). The red spheres
show the positions of hydration water molecules, and the blue fishnets are the omit-annealed difference electron density maps calculated
and contoured in the same way as in Figure 1B. In panels B and C, the structural models of subunit 1 (colored in cyan) are superposed after
overlapping the C-domains to show clearly the structural changes in the hinge regions between the subunits. Hydration water molecules
appearing in at least two subunits are numberee-rH16. The small dots represent the molecular surface around the hinge regions. Some
residue numbers are inserted. The pink dots are the molecular surface as in Figure 3.

shifts are comparable in magnitude to those in the active- the N-domain, almost all of the hydration water molecules
site clefts; however, the hydration structures are invariant move together with the N-domains (Figure 4, panels B and
in contrast with the active site (Figure 4). C). In the closed state, the hydration water molecules
In the open state (subunit 1), 18 hydration water molecules indicated by arrows in Figure 4C newly appear and likely
cover the hinge region (Figure 4A). Most of these (H}4, contribute to the stabilization of the hydration structure and
H6—H9, and H14-H16) reside in the grooves on the surface, the extension of the network around GIlu366.
while the four molecules, H10H13, contribute to the Little change in the hydration structure around the hinge
hydrophobic hydration of Leul85. In the closing motion of implies that the structural changes around the hinge are
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Ficure 5: (A) Comparison of the small-angle X-ray scattering profiles of GluDH measured at 293 K (blue dots) and 338 K (red dots) with
that calculated from the crystal structure (green line). The experimental curves are obtained after correcting for the concentration effects.
All scattering curves are normalized so that the zero-angle scattering intensity is equal to 1.0. (B) The pair-correlation fé(gfions [
calculated from the measured scattering curves at 293 K (blue dots), at 338 K (red dots) and directly calculated from the crystal structure
(green line). AlIP(r) functions are normalized so that the integration of each function up to the maximum correlation distance gives unity.

approximated as a rigid body motion keeping the hydration of individual domains act as rigid bodies as shown in Figure
sites. The flexible hinge may be forced to rotate by a 2A. Thus, the dynamical movement of N-domains in solution
structural change occurring in the other portion of the subunit, should be responsible for the discrepancies in both the SAXS
presumably in the active site as discussed below. profiles and theP(r) functions.

Small-Angle X-ray Scattering Profiles of GIuDH in Solu-
tion. One question arises as to the structur@pGIuDH: is DISCUSSION
the quaternary structure in solution at the near physiological
temperature of the enzyme (338 K) the same as that
determined in the crystalline state at 110 K? Figure 5 shows
the results from the SAXS experiments for GluDH hexamer
in solution both at 293 and 338 K. All profiles in the very

The six subunits in the crystal structure of the unligated
hexameric GluDH fronTp display roughly three quaternary
structures with respect to the positions and the orientations
of the cofactor-binding domains relative to the hexamer-
small angle regiong < 0.007 A %) are well approximated ~ 0fMing domains. The SAXS profiles of the hexamer
by Guinier’s formula 42). The radius of gyrations (Rgs) of C?'”C'de We"_ at 293 and 338 K, but have substantial
the hexamers were determined to be 43.820(03) A at dn‘ference; with that calpulated f_rom .the crystal structure.
293 K and 43.05+ 0.05) A at 338 K after correcting for The hydration structures in the active-site cleft vary markedly
the concentration effect4®). The SAXS profiles had a with the doma'”. motion. Here we dIS(':USS' thg spontaneous
characteristic bend &= 0.015 A ! (Figure 5A). The pair- doma|_n motion inTp GluDH and the |mpI|cat|ons of the_
correlation functions, i.e.P(r) functions, have unimodal hydrz_itlon structure changes for the dynamics and the function
shapes with maximum dimensions of 12730 A (Figure  ©f this enzyme.
5B). The coincidence of the profiles and the functions Spontaneous Domain Motion of Tp GluDFhe present
between the two temperatures indicate that the overall Crystal structure analysis has provided evidence of spontane-
structure ofTp GIUDH is independent of temperature between 0us domain motion offp GIuDH in solution. (i) The
293 and 338 K, when viewed at such a low resolution. variations in the quaternary structures of the six subunits are

The scattering profile and th(r) function calculated from  explained by a hinge bending motion (Figure 2, panels A
the crystal structure show substantial differences from thoseand B). (i) The flexible hinges are free from the structural
observed (Figure 5). The calculated profile has a broad peak'igidity of subunits originating from the ion pair networks
at around 0.02 At originating from the cylindrical shape of ~ stabilizing the structure of the enzyme. (iii) The exceptionally
the hexamer (a diameter of 100 A and height of 100 A). large temperature factors in the N-domain of subunit 6 reflect
The calculated Rg (40 A) is smaller than those observed, directly the mobility of the domain (Figure 2C). These
even when all hydration water molecules identified were structural findings indicate that the N-domain undergoes
included in the calculation (Rg= 41 A). In addition, the large-scale spontaneous motion in solution and that the meta-
calculatedP(r) function has a maximum correlation length stable intermediates in the motion are trapped in the
of 110 A, and its profile deviates from the observed ones Structures observed in the crystal.
beyond 60 A. These discrepancies imply that the apparent To explain the discrepancies in the SAXS profiles and the
molecular shape of the hexamer deviates from the crystalP(r) functions shown in Figure 5, we made various types of
structure and that the apparent molecular size of the hexameihexamer models with respect to the position and orientation
is slightly larger in solution than in the crystalline state. The of the N-domains. However, none could explain the dis-
central portion of the hexamer is composed of six C-domains crepancies, indicating that the observed profile is an ensemble
assembled through a large number of strong hydrogen bondf hexamers in different quaternary structures. The enzyme
and van der Waals interactions. In addition, the structuresin the unligated form is in a state of spontaneous domain
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Subunit1

185
Tp SIGGSLGR

Tl SVGGIVAR
Pf SIGGSLGR
Tm ELGGSLGR
Cs SFGGSLVR

361

Tp INGYY
Tl ITGDY
Pf ITGYY
Tm ITGYY
Cs SERLS

Ficure 6: Comparison of the quaternary structures of subunits in GluDHs from various organisms. Throughout the figures, simultaneously
superimposed are subunits 1 (cyan-colored model) and 5 (ref).q\) A plot superimposing subunit 1 (colored in green) and subunit
2 (yellow) of Pf GIuDH (the accession code in the Protein Data Bank is 1GTA). (The structures of subunits in GIuDH frofim [1B26
(24) and 1B3B 25)] are in the nearly the same conformation with that of subunit 1 fiRiniB) A plot for subunit 4 (yellow) and 5 (green)
in TI GIuDH [1BVU (26)]. The N-domains of the two subunits are the extreme positions in the six subunits. Subunits 3 and 6 of mutant
GluDH from Tm[2TMG (27)] exhibit similar variations with those dfl. (C) Superimposed are subunit 3 (green) [the most open conformation
in the model 1HRD 20)] of unligatedCs GIuDH and a subunit of the ligated state of the enzyme (yellow) [1B&Y]( (D) Alignments
of amino acid sequences around the hinge region of GluDHs frpnTl, Pf, Tm, andCs
motion in solution through various conformational state. The thermostable GluDHs, identity in amino acid sequence is very
results and ideas presented here are consistent with thénigh, and the sequence in the hinge region is well conserved
proposal from mutational studies @s GIuDH (21). The (Figure 6D). Therefore, the variations in the quaternary
small structural changes in Leul185 and the involvement of structures of GIuDHs from various organisms are likely
several glycine residues in the hinge region (Figure 2A) explained by the N-domain motion of GIuDH in the unligated
ensure the domain motion without loss or gain of a large state and not by the idea that the variations are artifacts
amount of internal free energy of the enzyme. caused by the crystallization conditions.

The observed quaternary structures are similar to the Spontaneous domain motions of enzyme have been
crystal structures of GluDHs from other organisms (Figure reported in T4 lysozymeld—16) and calmodulin17). The
6). For instance, the orientation of the two domains in the crystal structures of the enzymes are explained as confor-
medium state is very similar to that of hyperthermostable mational substates trapped through different modes of crystal
GluDHs fromPf (22), Tm(24), or Thermococcus litrali§TI)- packing @5). A detailed study on the crystal structure of
(except for subunit 4 of that enzyme)@) (Figure 6, panels  bovine pancreatic trypsin inhibitors has suggested that the
A and B). Some structural characteristics of the closed stateconformations observed are intrinsic sub-states of the protein
are seen in ligated GIuDH fror@s (21), and the structure  (43). The roughly three domain orientations Tip GluDH
of the open state is comparable with subunit 2 of unligated and the other GluDHs must be conformational substates of
GIuDH from Cs (20) (Figure 6C). Among the hyper- the domain motion in the unligated state.



3078 Biochemistry, Vol. 40, No. 10, 2001 Nakasako et al.

N-domain

-------------

______

C-domain C-domain C-domain

Open Medium Close

Ficure 7: Schematic illustration of the proposed scheme for sulfate ion binding. Ordered hydration water molecules are presented by cyan,
orange, green, and pink colored spheres in the same coloring scheme used in Figure 3, and disordered ones, which are missed in the
experimental electron density maps, in yellow. The dashed lines indicate a schematic border between the ordered and disordered hydration
structures. The dotted line schematically illustrates the wandering of the sulfate ion in the active-site cleft.

Hydration Structure Changes in Coupling with the Domain implies a hypothetical but attractive scheme for the binding
Motion. While the amount of hydration water molecules is of sulfate ion or substrate to GluDH (Figure 7). Both in the
still less than half of that required for the monolayer medium and the closed state, sulfate ions are absent from
hydration, the present crystal structure provides novel the binding site, although the dimensions of the cleft alone
structural information on hydration in the active-site cleft are large enough for sulfate ion to access the depth (Figure
during the domain motion (Figure 3). Here, we discuss the 3, panels B and C). In the closed state, the network of
correlation between the spontaneous large-scale domairhydration structures in region A prevents the intrusion of
motion and the hydration structures to understand why theion (Figure 3C). In the medium state, sulfate ions may be
domain motion occurs spontaneously. forced to wander in the cleft because of the disordered

Of the observed variations in hydration structure in the hydration structures (Figures 3B and 7). However, wandering
active-site cleft, changes in B and P sites seem to be ofions occasionally form hydrogen bonds with a hydration
particular importance to the coupling between the hydration water molecule at site AO (Figure 3B). At that time, when
structures and the spontaneous domain movement betweeithe molecule at AO migrates to site B2 in coupling with the
the open and medium state (Figure 3, panels A and B). TheN-domain movement opening the cleft, the ion is presumably
six hydration water molecules in BB3 and P+-P3 inthe  pulled into the binding site AQ in keeping the hydrogen bonds
open state must disturb the closure movement of the (Figure 7). The ligated state of this enzyme may be realized
N-domain and simultaneously contribute to stabilizing the in a similar way. The substrate forms extra hydrogen bonds
open state. Therefore, from the open toward the medium with Asp 145 and Lys 93 (Figure 3AR(). The residence
state, the molecules at B sites must be squeezed out oiof the substrate in the site is guaranteed by the interactions
spontaneously escape in coupling with the N-domain move- until the chemical reaction is finished after closing of the
ment narrowing the dimensions of the sites (for example, N-domain.
migrations between B1 and P5, B2 and A0, and B3 and N1  According to this idea, sulfate ions or substrates can access
presumably occur) (Figure 3, panels A and B). In a similar the active site only in a certain range of domain movement,
way, P1-P3 molecules shift together. in which hydration structures are suitable and assist the

In molecular dynamics simulation of water, water mol- intrusion of them. Therefore, the domain movement likely
ecules exhibit intermittent hopping in their migration reor- hinders the smooth binding of sulfate ion or substrate to the
ganizing the networks of hydrogen bondg4) If the active site. The N-domains undergo greater hinge motion in
hydration water molecules at B sites retain this property, they solution than in the crystal structure as indicated by the
will hop between B sites and the other sites in the clefts. substantial differences between the SAXS profiles of GluDH
Therefore, the domain movements between the open and thén solution and that of the crystal structure (Figure 5). The
medium states may occur as a stepwise process through theccasion of ion or substrate binding to the site may be greater
limited number of conformational sub-state specified by the in solution than in crystalline state. However, many inter-
cooperative dissociation/association and hopping migration mediate states in the domain motion, are still “idle” for
of the hydration water molecules at sites B and P. realizing the substrate binding. The idling states slow the

As described in the previous section, the structures andturnover rate of GluDH even at the “ambient temperature”
interactions of the hinge ensure spontaneous N-domain©f this hyper-thermostable enzyme. Indeed, the value for
motion of Tp GIUDH. Therefore, the inherent mobility of ~ glutamate is 20 ms at 338 K3Q).
hydration water molecules, in particular in the active-site
cleft, and the intrinsic fluctuating nature of the hinge regions REFERENCES
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