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ABSTRACT. Xylanase fronBacillus agaradhaerenkelongs to a large group of glycosyl hydrolases which
catalyze the degradation of xylan. The protonation behavior of titratable groups of the unitéixmind
13C-labeled xylanase was investigated by multinuclear NMR spectroscopy. A total of 224 chemical shift
titration curves corresponding 1, 13C, and'>N resonances reveale&pvalues for all aspartic and
glutamic acid residues, as well as for the C-terminal carboxylate and histidine residues. Most of the titratable
groups exhibit a complex titration behavior, which is most likely due to the mutual interactions with
other neighboring groups or due to an unusual local microenvironment. Sutis@entaining the catalytic

dyad shows a long-range interaction o@A with Asp21 via two hydrogen bonds with Asn45 as the
mediator. This result illuminates the pivotal role of the conserved position 45 among family 11
endoxylanases, determining an alkaline pH optimum by asparagine residues or an acidic pH optimum by
an aspartate. The asymmetric interactions of neighboring tryptophan side chains with respect to the catalytic
dyad can be comprehended as a result of hydrogen bonding and aromatic stacking. Most of the chemical
shift—pH profiles of the backbone amides exhibit biphasic behavior with two distinct inflection points,
which correspond to thel values of the nearby acidic side chains. However, the alternation of both
positive and negative slopes of individual amide titration curves is interpreted as a consequence of a
simultaneous reorganization of side chain conformational space atg&hd/or an overall change in the
hydrogen network in the substrate binding cleft.

Structure and function of many proteins are intimately electrostatic energies anKpvalues remain challenging.
dependent on the protonation equilibria of ionizable groups. Because of the complex theory of protein electrostatics,
Most enzymes perform catalysis with the assistance of numeric calculations rely on simplifying assumptions regard-
ionizable groups that act either as a Brgnsted acid or basejng issues such as the charge distribution within the protein,
as ligands, or less directly through the generated electrostatiche polarizability of this distribution, and rating the protein
potential at the active site). Buried ionizable residues can and its surrounding solvent as a homogeneous or heteroge-
make favorable or unfavorable contributions to protein neous medium. One of the major problems arises from the
stability (2). Many such groups exhibit perturbelvalues difficulties in capturing quantitatively the dielectric properties
whose shifts are discussed with a variety of possible of the protein at a given structure(s). The implicit use of
interactions 3—5). Charge-charge and chargedipolar dielectric constants must still be calibrated against experi-
interactions between amino acid side chains contribute to mental data in each model systef0), thus renewing the
the energetics of protein folding together with hydrogen interest for experimental characterization of electrostatic
bonds and hydrophobic interactions. In recent years, structure-effects in proteins.
based calculations of electrostatic energy akgvalues have In this study, the complex, long-range nature of interac-
been the subject of many theoretical investigations, which tions between titratable groups Bacillus agaradhaerens
contribute to our understanding of the physical character andfamily 11 xylanase (BadX)was investigated. The enzyme
structural origins of electrostatic effect$—<9). Though with a molecular mass of 23 kDa carries out xylan hydrolysis
computer technology has advanced during the past severaliia a two-step mechanism involving a covalent enzyme
years, allowing sophisticated algorithms to work at a glycosyl intermediate 1(1). Initially, the carboxylate of
moderate time scale, the precision and accuracy of predicted

1 Abbreviations: BadX,B. agaradhaerensxylanase; BCX,B.
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Glul84 functions as a Brgnsted acid, protonating the using a calculated extinction coefficiertd) of 56.47 mM*
glycosidic bond to assist leaving group departure. Glu94 cm™ (22), and the purity ¥ 99%) was assessed by discon-
performs a nucleophilic attack at the substrate anomerictinuous SDS-PAGE. The protein samples used for the
center, forming an intermediate bond. In the second step,titration were initially at pH 5.3, and the pH was lowered or
hydrolysis proceeds in the reverse order with water as theraised by the appropriate addition of small aliquots of 1 M
nucleophilic agent and Glul84 functioning as a Brgnsted HC| or NaOH. The pH was measured before and after
base. BadX adopts the same overall fold and topology asacquisition of the set of NMR experiments for each titration
the other family 11 xylanase structurei2{-14): a single-  noint at 303 K, and the average of the initial and final value
domain polypeptide chain containing tylesheets, A and 55 recorded. The reported values were not corrected for

B, composed of five and eigffi-strands, respectively. The o geyterium isotope effect, and the uncertainty was assumed
two antiparallef3-sheets are twisted around a deep, long cleft, ;) .o o5 pH unit. To verify the reversibility of the pH

Y;?'Cehéf’]ggeg tvc\)”tekl]c?oa:wr”%i:joaqqeagtcIzgcsitafgfrlirleosézu:"nsc’).iéttiless titration, the acidic sample was adjusted step by step back
9 9 Y 'to pH 5.7 while the same set of NMR experiments was

whose corresponding binding subsites are labeled fr@n repeated
—2, —1, to 1 with cleavage taking place between thi '
and+1 subsites5). The loop between strands A7 and A8 NMR Measurement£hemical shifts of backbone amide
forms the “thumb”, which is perpendicular above the and tryptophan indole f4resonances were followed during
substrate binding cleft, and the overall structure resemblespH titration via two-dimensionat®™N—'H -TROSY-HSQC
a partially closed right handL6). (23). The experiments were recorded with 10#4) (x 256
Generally, the paper and pulp industry makes use of the (F;) complex points with spectral widths of 971B,f and
specificity of the xylan degradation because pretreatment of 3041 Hz £,) and acquisition times of 127 ms. The behavior
paper pulp with xylanases enhances the bleaching processef the carboxyl and carboxamide side carbons of Asx and
Smaller amounts of bleaching chemicals are required, therebyg|x as a function of pH was monitored using a two-
reducing environmentally toxic byproducts and economic gimensional version of the H(CA)CO experime@t(25),
costs. As shown previouslit7), BadX has enhanced stability  mqgified to optimize the detection of the(@#)C” and H-
under conditions of elevated pH and temperature, which is (C")C correlations of all Asx and Glx residues, respectively

a quality already utilized in industrial scal&g). Because (26). The spectral widths were 6003 and 2392 HEjmnd
of this stability, BadX was chosen as an appropriate model F., respectively, with 512R,) x 256 (F1) complex points

o I gt o s dercent el S VA4 ad acsiton mesof 02 1ms, A wo-imensoniGFCY
y P Py H<lC! correlation experiment, abbreviated as CT-HCDEG

from the pH-dependent'C and ™N chemical shifts are (3), was used to investigate the pH dependence of chemical
analyzed by nonlinear least-squares fitting to simple refation- shifts of histidine residues. The spectra were acquired with

hips derived f the HendersoHl Ibach tion. O
Ships COTVEC TOm e Tendersonasse hach equaton. -n 384 (F2) x 98 (F1) complex points with spectral widths of

the basis of the crystal structurkly, the relationship between L
observed K. values and the corresponding microenviron- 2685 €2) and 3787 HzK,) and acquisition times of 81 ms.
ment is discussed to provide a comprehensive evaluation ofAll €xperiments were carried out at 303 K on a Bruker DMX

electrostatic interactions. For this approach, the sensitivity 900 Spectrometer equipped wia 5 mmthree-axis gradient

of chemical shifts of amide groups to changes in the local 'H{*C"*N} triple-resonance probéH resonance positions
environment is utilized. It is well-known that chemical shifts were calibrated with an internal 2,2-dimethyl-2-silapentane-
of amide groups are very sensitive to backbone conformation5-sulfonate (DSS) standard, while indirect referencing ac-
and to the electrical charge field generated by ions, weakercording to the absolute frequency values was usedor
multipoles in their vicinity. Hydrogen bonding is also very and**N chemical shiftsZ7). The data were processed using
important for the values of shielding, and torsion angles of XWINNMR version 2.1 (Bruker Biospin, Rheinstetten,
side chains may also have a less significant eff&8t 20). Germany) and analyzed with NMRVIEW version 5.0.4
As consequence, the resonances of the inspected reportefMerck and Co. Inc., Rahway, NJ). In general2-shifted
amides can be influenced not only by changes in the squared sine apodization functions were applied prior to
electrostatic field but also by changes in the arrangement of Fourier transformation. Appropriate zero filling led to a
hydrogen bond network or side chain conformations.  digital resolution of typically 4.66.1, 4.7-4.9, and 4.9 Hz/

EXPERIMENTAL PROCEDURES point in the'H, **C, and*®*N dimensions, respectively.
pH-Dependent Chemical Shift Data Analy<isoss-peaks

labeled recombinant BadX (residues207) was expressed ~ We'€ assigned in the set _of spectra at pH 5.3 by reference to
in Escherichia coliexpression strain BL21(DE3) using a the reported chemical shift assignments at that pt). (oH-

pET-3a-BadX plasmid construct. The protein was purified dependent chemical shifts were then followed incrementally
as previously describe@{) with the following modification. @ PH 3.2 and 8.7, respectively. The estimated uncertainties
The purified protein was rebuffered in 10 mi#-NaOAc of the chemical shifts used in the data analysis are 0.02 and
(pH 5.3) with a 90% HO/5% D;0/5% ds-glycerol mixture 0.1 ppm for*H and heteronuclei, respectively. The pH
containing 50 mM MgGl. Sample concentrations were kept dependence of the chemical shift observed for an appropriate
below 0.5 mM because of a tendency for the samples to reporter nucleus was fitted by modified Hendersétas-
precipitate reversibly at higher concentrations within the selbach equations describing up to three protonation and/or
range of pH 6-9. The concentration of the protein sample deprotonation processes, which were assumed to be inde-
was quantified by UV absorbance measurement at 280 nmpendent in all case®8, 29):

Sample PreparationUniformly doubly *N- and **C-
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whered(pH) is the observed chemical shift for the resonance o
N

of the reporter nucleus at a given pH afyland 6, denote
the limiting chemical shifts of this resonance at acidic and
basic pH, respectively.Ky is the negative common loga-
rithm of the apparent acid dissociation constant forithe
protonation or deprotonation process reflected by the reporte
resonance. In the case of analyzed backbone amide an
tryptophan indole N resonances, Ky describes theth
inflection point correlating to a nearby titration event. The
product ci(d. — Jp) represents the contribution of this
protonation or deprotonation step to the total chemical shift
change §. — Jp). pKa4 values and additional parametecs (
or da, Op) Were determined from the experimental data by
the LevenbergMarquardt or the Simplex nonlinear least-
squares fitting procedure using Origin version 6.0 (Microcal
Software Inc., Northampton, MA). Reported errors relate to
the precision of the data fitting, but not to the uncertainties
of the data acquisition or resonance assignment.

The choice of the number pprotonation or deprotonation  the secongB-sheet. The chemical shift values belonging to
processes required to fit the experimental data to the modifiedthe residues at the convex outside (Figure 2B) remain
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Ficure 1: Chemical shift perturbations of backbone amides
observed upon pH titratioAH and'>N dimensions were standard-
ized as described in the text, and the differen@dgs{— Omin (HN,
Npp)] were calculated. Gradation into relative colors for Figure 2:
residues with chemical shift perturbations<®.1 ppm considered
insignificantly (gray),<0.2 ppm weakly (blue)<0.3 ppm inter-
mediately (green)<0.4 ppm strongly (yellow), ang 0.4 ppm very
strongly (red) perturbed.

HendersorHasselbach equation was made mainlyHaiest
statistics 80) using a confidence level of 99%. Also,

unaffected by the influences of pH titration. This outside is
mostly built by the outer five-strandg®isheet, which lacks

structural considerations were taken into account in a reliable any titratable side chains. Close to tifissheet is located

determination of the numbej) (of protonation or deproto-

the hydrophobic core of the enzyme, which is bordered by

nation steps. For this, measurements of the distance fromamphiphatica—helix 2 and the opposite side of the inner
reporter atoms to nearby ionizing atoms were carried out s-sheet. His162 is buried within this core of three neighbor-
for the crystal structure of free BadX (Protein Data Bank ing acidic side chains, Asp99, Asp118, and Asp123. Neither
entry 1QH7). the amides of the protein backbone nor the four titratable
side chains show any significant changes in chemical shift
values during the course of pH titration.

pH Dependence of BackbodeN ResonancedDetailed Protonation Behaior of Side Chain Carboxyl Groups in
electrostatic properties of the protein can be obtained by BadX Modified two-dimensional H(CA)CO experiments
using all backbone amide nitrogen resonances as probesyere performed from pH 3.2 to 8.7 to probe the titration
which are distributed all over the protein globule. For this behavior of BadX aspartate and glutamate groups. All eight
approach, all pH-dependent backbone amide resonances weraspartic and six of seven glutamic amino acid residues
assigned for the 24°N—'H TROSY-HSQC spectra, and present in BadX could be unambiguously identified in the
additionally, the seven indole side chain resonances wereset of incremental NMR spectra. The pH dependence of the
analyzed. All chemical shift values were standardized in both chemical shifts of the side chain carboxyl carbon resonances
dimensions by the equatioh(HY,Npp) = /(024 + 02y x is presented in panels A and B of Figure 3. Only the side
0.16) (31, 32), and the difference between the minimal and chain carboxyl resonances of Asp5, Asp90, Glu56, and
maximal pH-dependent chemical shift values for a given Glul26 exhibited essentially monophasic titration behavior,
residue was calculated. A total chemical shift changg,(  Which is well-known from model compoundS8g, 34). All
— Omin) Of <0.1 ppm was considered to be insignificant due the other acidic side chains exhibited minor inflections on
to the estimated uncertainties of data analysis. The changeghe titration curves due to the nearby ionizable groups. The
in chemical shift values were arbitrarily divided into five correspondingi§, values derived from fitting titration curves
groups, and relative colors were assigned (Figure 1). Thiswith up to three K. values to the titration data are
color index was projected on the structure of the enzyme summarized in Table 1. When more than oig palue was
(Figure 2) to illustrate which backbone amides are strongly required for a reasonable fit, the residues assumed to
perturbed upon pH titration or which amides are independent. contribute to this titration behavior are listed.

Figure 2A shows that the large cleft, which is created by = For protonated aspartic acid and glutamic acid, the
the highly twisted interiofs-sheet, is ideally suited to serving carboxyl carbons resonate between 177.5 and 181.3 and
as a substrate binding pocket. It is lined with the majority between 177.8 and 183.5 ppm, respectively, while the signals
of the aspartate and glutamate residues, including the twofrom the ionized forms are~0.5-3.5 ppm downfield.
conserved residues which are involved in catalysis, Glu94 However, the €Cresonance of Asp21 experiences a distinct
and Glul84. This is the reason the backbone amides of thereverse shift at higher pH values. In comparison to average
interior 3-sheet are more perturbed upon pH titration than values, the @ resonances of Aspl5 and Glul67 are

RESULTS
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FIGURE 2: Structure of recombinant BadX colored due to the relative color index as described in the text, which is based on chemial shift
perturbations observed upon pH titration. The differen@ggx(— omin) between the minimal and maximal pH-dependent chemical shift
values for backbontHN and Ny, amides,’*C""0 carboxyl groups, and histidine side cha$#a2<! groups were considered. (A) Side view

and (B) bottom view: (gray) insignificant chemical shift perturbations, (blue) weak perturbations, (green) intermediate perturbations, (yellow
strong perturbations, and (red) very strong perturbations. The ribbon drawing was created with MOBBJOL (
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Ficure 3: pH-dependent chemical shift values for titratable groups in recombinant BadX. Experimental titration curves as determined by
1H—13C and'H—15N correlation NMR spectroscopy in the pH range of-387. Symbols are experimental data points, and lines represent
nonlinear least-squares fits to modified HendersHasselbach equations according to the noninteracting model withi enéd;[D5 (),

D90 (@), E17 (a), E56 (#), E126 @), His32 C! (@), and His60 €2 (a)], two [j = 2; D12 (), E94 (triangle pointing to the left), E167

(@), Hisll C?2¢<1 (m), and Ser207 COOHN)], or three [ = 3; D15 (a) and D21 @)] apparent K, values. Dashed lines show the
uncertainty in the determination of the propd¢,pralue: D99 ), D118 (0), D123 ©), E184 (), His32 Q%2 (@), His60 C! (a), and

His162 G92<l (w),

unusually shifted downfield, whereas thé @sonances of The chemical shifts of residues Aspl5, Asp21, Glul7,
Glu184 and the M resonances of Glu94 are shifted upfield. Glul67, and Glu184 undergo a substantially smaller pH
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Table 1: X, Value$ of BadX Titratable Groups Measured by NMR in® at 303 K in the pH Range 3:8B.7

reporter AP accessibility
residue nucleus K2 value (ppm)  to solvent (%) additional titration evetrand/or tautomeric state
Asp5 (0% 3.844+0.02 3.85 426
Aspl2 c 3.94+0.14 331 425 His11/His32 (6.73 0.16,c, = 0.08)
Aspl5 c 3.35+0.14 141 15.6 Glul7 (4.4% 0.13,c, = 0.28) (6.66+ 0.14,c; = 0.08)
Asp21 c 3.46+0.13 051 255 Glu184 via Asn45 (5430.3,c, = —0.31;
6.9+ 0.3,c3=—0.33)
Asp90 c 3.88+ 0.07 3.08 585
Asp99, Aspl118, Aspl23 C <2.P° <0.08 1.3,20.4,6.8
Glu17 C 4.31+0.07 0.71 9.2
Glu56 C 4.55+ 0.02 3.14 256
Glu94 C 3.94+ 0.04 218 7.2 Glu184 (6.1#4 0.21,c, = 0.13)
Glul26 ] 451+ 0.02 371 221
Glu167 (¢4 3.58+0.13 2.04 26.8 His60 (4.4% 0.28,c, = 0.19)
Glul78 Ny amides 4.1H0.2 24
Glul84 Ny, amides 6.5-0.2 3.3
(o —f 0.62 Glu94 (4.39: 0.52,c; = 0.29)
C-terminus H u. Npp 3.9+0.1 64.7
His11 (0 6.52+ 0.26 1.20 19.2 Aspl2 (3.74 0.02,c; = 0.95); N>—H tautomer
Cc*? 6.09+ 0.18 0.93 Aspl2 (3.82 0.07,c, = 0.80)
C 6.84+ 0.05 0.44 Aspl2 (3.8% 0.06,c; = 0.49)
His32 (0% —f 2.00 485 Aspl2 (3.36: 0.84,c; = 0.15)
Co? —f 0.09
C 6.68+ 0.03 2.18 NP—H tautomer for pH<7.1; equilibrium between both
tautomers at pH-7.1
His60 (@4 4.01+ 0.02 4.09 4.7 N—H tautomer
Co? 4.11+0.02 2.15
C< —f 0.14
His162 c <2.P <0.08 0.7 no titration event; ®R—H tautomer
Co2 <2.7 <0.08
C <2.7 <0.06

a Apparent X, values of ionizable groups were determined by analysis of experimental data obtained by NMR spectroscopy. Nonlinear least-
squares fittings to a modified Henderseidasselbach equation according to the noninteracting model were performed as described irf thé text.
(0 — 04) denotes the difference in the limiting chemical shifts of the protonated and deprotonated forms, obtained as part of the fitting procedure.
¢ The solvent-accessible surface was estimated for the whole residue using MOL38Q4n@ a probe size of 1.4 A.Residues assumed to cause
additional inflections are listed Ky andci values are given in parenthesépK, values were estimated by assuming that changes in chemical shift
can be detected at pH values withit.5—1 unit of the K, of an ionizable group’Value could not be obtained due to very little change in the
chemical shift or weak peak intensities.

titration shift (0.5-1.5 ppm), while the €chemical shifts (Ser207 CA@H) was determined by data analysis of the
of the acidic side chains of Asp99, Asp118, and Asp123 are correspondingx-amino group.
almost invariable £0.08 ppm) in the investigated pH range.  protonation Behaior and Tautomeric States of the His-
As a result, the K, values for these aspartic acid residues tjgine Residues in BadXThe pH dependence of imidazole
could not be obtained by fitting the experimental data to0 a resonances was observed in the two-dimensioftiacy —
modified HendersonHasselbach equation. H<lC<! correlation experiment (CT-HCDCH, Figure 4) to
Unfortunately, Glul178 Cwas not observable within the assess thely, values and the tautomeric states of the four
whole range of pH titration. Moreover, the resonances of histidine residues. For all pH titration steps, the imidazole
Glu184 Q, functioning as the catalytic acid or base, are 3C resonances (CC??, and C) were assigned, and the pH
increasingly difficult to assign for pH values &f6 due to dependence of the chemical shifts is presented in panels D
the vanishing signal intensity. The explanation might be the and E of Figure 3. The increased level of line broadening of
near degeneracy dfC’ and*3C” chemical shifts in these the C°? resonances of His32 at pkt5.5 worsened the
side chains. The concomitant strong coupling effects dete- precision of the assignment of the chemical shift values.
riorate the3C’—13C? magnetization transfer in the experi- During the course of the pH titration, all resonances of the
ment employed here. The obtained data points for Glu184 imidazole side chain of His162 remained constant, indicating
C? at pH >6 imply increasing error values which lead to an that its ionization state did not change. The question of
uncertainty in the determination of the propétwalue (5.8 whether the [, value of this buried residue is less than 3
< pKa < 6.6). As compensation, the pH-dependent chemical or greater than 9 will be discussed below. Furthermore, the
shifts of the closest backbone amides around Glul84 andimidazole resonances of His32%Gnd of His C66 showed
Glul78 were considered. The amide resonances were suplittle change in chemical shift, unlike the other resonances
posed to exhibit the titration behavior of the missing reporter of their imidazole ring. As a result, the corresponding
nuclei within a certain error range. For data analysis, the experimental data were not used for a reliable determination
experimental data of the corresponditiyl resonances of  of pK, values. The data analysis of His11 demonstrates one
the amides were used for nonlinear regression to the modifiedexception. The minor linear coefficient had to be assigned
HendersonHasselbach equation and the resulting pH values to the imidazole group itself, while the major one was
for the inflection points were averaged. Analogously, tke p  attributed to the protonation or deprotonation process of the
value of the carboxy-terminal end of the polypeptide chain neighboring carboxylate side chain of Asp12.
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o Htezs: hydrophobic environment favors the bonding of xylan over
Mt 152 o | the more _hydrophlhc cellulose fibers. The packing of the_
s . I _ catglytlc side cha!ns between t_he aromatic a|_1d hydrophobic
Hisa28. A, | C residues results in a perpendicular orientation of the car-
L | } § boxylate groups toward the substrate. In Figure 2, the
Hisso&h } o | o titratable groups of BadX for pH-39 according to their
Il | } 3 125'" location in the crystal structure are depicted. Only four of
h } 0 | r the 15 carboxylate side chains (Asp5, Asp90, Glu56, and
H | I Glul26; see also Table 1) exhibit ideal titration behavior
Il # o I r according to the classical Hendersdrasselbach equation.
Hisazy | } I F s These four carboxylate groups are positioned on loops and
Hissoﬂ +, } . are solvent-exposed and distant from all other titratable
| I groups in .Ba.dX: Their appargnth values correspond
HI$117| i _ exactly to intrinsic values obtained for model compounds
His32el 4 I - 105 (33, 34). However, the pH titration profiles of the other
Hicb0e1 | ' carboxylate groups deviate consider_abl_y_ from p_rofiles ex-
S o é < [ pected for residues, which are not significantly influenced
Hist et o182 istezer | by the protein environment. Mutual interactions appear to
bt - 140 be reasonable because the carboxylate groups are not
"""" OORRARA) ASEAREARA) SN A SRR SSAAAARAA S ARAARA) MO scattered uniformly over the protein surface, but most of them
H (opm) are grouped together in the substrate binding cleft (see Figure
FIGURE 4: Typical CT-HCDCG!s spectrum of JN,23C]BadX 2A) among the aromatic residues (see also Figure 8A).
demonstrating the $3C%2C”—H¢!C¢! correlations of the four his- BadX contains one histidine (His162) and one aspartate

tidines. Measurements were performed for 0.5 mMMI[*C]BadX (Asp99), which are completely buried within the hydrophobic
in 10 mM d-NaOAc (pH 3.2; 5% BO/5% de-glycerol mixture) — ¢ore of the enzyme. This structural motif together with the
containing 50 mM MgGl. I . .
stabilizing interactions between the conserved residues has
recently been characterized with the homolog8aillus
circulans xylanase (BCX) 40, 41). Two aspartic acid
residues (Aspl118 and Asp123) are located in the vicinity of
this core but have limited solvent accessibility (Table 1).
All four titratable residues of recombinant BadX are depro-
tonated in the investigated pH range of 387. With the
assumption that changes in chemical shift can be detected
fat pH values withint0.5 unit of the K, of an ionizable
group, the K, values of the buried residues are?.7.

Inspection of the’*C” chemical shift-pH profile yields
information about the tautomeric state of the deprotonated
histidine ring because, with increasing pH, the resonance
shifts upfield or downfield in proportion as the’N-H or
N<>—H tautomer is formed35, 36). Being deprotonated,
His11, His32, and His60 prefer the?N-H tautomeric state
marked by the downfield shifts of the corresponding C
imidazole resonances (Figure 3D). The increased level o

. . . 52
line broadening of His32 C* resonances at pH5.5 Invariant chemical shift value§(His162 N?) (169.5 ppm)

indicates an interconversion of the two tautomeric states at . 5 . .
intermediate rates on the NMR time scale. The obtained dataandé}(HI5162 H? (12.4 ppm) which can be detected in all

- SN —1 _
points for pH 5.5-7.2 could not be subjected to nonlinear pH depenc.ien%.N H TROSYE HSQC sp(_actra suggest that
regression. Additionally, chemical shift valué&is162 N?) His162 exists in the neutra}l Ntautomeric form, and th_e
(169.5 ppm) andé(His’162 H?2) (12.4 ppm) led to the exchange rate of the ‘Hwith the solvent molecules is
conc.lusion that His162 is deprotdnated and thé—wi retarded. This observation is supported by the inspection of

. PO .
tautomeric state prevail29). This confirms the previously the crystal structure. His162°Nis involved in a hydrogen

reported finding obtained with an alternative NMR method Eogd withbthed hy?roxyl dgLOl:p of ?ﬁéﬁjﬁ and a sgcond
(37). All three 13C%2 chemical shifts are<122 ppm, and a ydrogen bond IS formed between group and a

; C water molecule. The abnormally lowKp of His162 un-
predominance of the ®-H tautomers is indicated. doubtedly reflects the buried hydrophobic environment of

DISCUSSION the imidazole ring within the enzyme. His162 contacts
several nonpolar residues, including Val98, 1le115, Tyrl22,
Standard K, values of titratable amino acid side chains and lle157, which are highly conserved. The negative charge
can be measured for short oligopeptides serving as modelof Asp99 is stabilized by a hydrogen bond to the phenolic
compoundsd3, 34). Deviations from these reference values O of Tyr122 and by the salt bridge to the positively charged
can be observed during the titration of proteins. This results guanidinium group of Arg122. The lowkp value of Asp123
either from structural interactions (hydrogen bonds and salt can be rationalized by the interactions with the positive
bridges) or from interactions with neighboring side chains charges of Arg105 and Arg149. Generally, the resonances
in an environment with a low dielectric constant such as the of the backbone amides in the neighborhood of the four
core regions of globular proteins. Among family 11 xyla- nontitratable side chains remain unaffected during the course
nases, the aromatic interactions and the hydrophobic contact®f the pH titration, allowing the conclusion that the confor-
form clusters that are highly simila38, 39), which are mation of this region is invariant (Figure 2B).
concentrated not only in the core of the enzymes but also in  Despite His162, the side chains of Hisll and His32 are
the sandwich fold structure of the catalytic domain. Besides exposed to the solvent. Together with Aspl2, they are
the sterical hindrance caused by the additional hydroxymethyl grouped together at the entrance of the substrate binding cleft,
group of the glycosyl moieties of the cellulose, the rather but their orientations are directed toward the convex outside.
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The relative positions of His1l, His32, and Aspl2 can be
described as a triangle with two sides equal in length. Asp12
is at the top 5.5 A from either histidine, and the distance
between His11 and His32 is approximately 8.2 A. The data
analysis of the corresponding pH-dependent resonances
displays normal K, values, but titration curves exhibit
additional inflection points due to the mutual electrostatic
interactions. The titration curve of His32<has a very small
dispersion of chemical shift®{ — d,) and is dominated by
the interaction of Asp12. Therefore, the fittedovalue is
solely attributed to the carboxylate group and not to the
reporter nucleus itself. There is no evidence that Asp12 has
a favorable interaction with only one of the histidine side
chains. Therefore, the additional titration event is assigned
to mutual interactions with both histidines within the
estimated error values.

The His606-Glul67 group is located on the side opposite
the active site cleft. Both side chains fill a small hollow on
the surface of the protein. The convex outside is formed by
B-sheet A, and the sides of the hollow are marked by FIGURE 5: Ribbon representation showing the position of Asp21
o-helices 1 and 2. The proximity of both side chains (His60 and the Brensted acid or base Glul84, as well as selected
N2—Glul67 O distance of 2.8 A), the sharing of a hydrogen neighboring side chains. Dashed lines illustrate the distances for

. . possible hydrogen bonds. Backbone amides, whose chemical shift
bond, leads to a strong interdependence of both titratabletitration curves (Figure 5) were used as probes to investigate
groups. The titration curves of both side chains lack evident electrostatic interactions, are drawn as spheres.
inflection points, which separate protonation or deprotonation
steps from each other. For His60, the negative charge of the—2 and the catalytic dyad in subsitel. Asp21 cannot be
side chain carboxylate Glu167 would be expected to stabilize attributed to one of the groups because none of the other
the protonated, positively charged imidazole ring; therefore, acidic residues is located within 7 A, but the examination
the apparent histidineia would be elevated beyond 7.0 in  of the titration curve of Asp21 Qreveals an unusual titration
comparison to that of an unaffected model compound. behavior. The resonances undergo a substantial small pH
However, the titration curves of His60 in panels D and E of titration shift and reach a maximum value at pH 5. For higher
Figure 3 do not present evidence that th€, wvalue is pH values, the Cresonances experience a pronounced
between 7 and 8.7. This leads to the question of whetherreverse shift. The verification of the data analysis allows the
the apparent I, value is higher than 8.7 or the inflection correlation with additional titration events between 5.3 and
points around pH 4 mark the corresponding,value. A 6.9, contributing to the extraordinary chemical shifiH
possible low [K, value for His60, despite the electrostatic profile of Asp21 C. Because of its singular position, the
influence of Glu167, provides a hint of an unusual microen- observation cannot be explained with respect to direct
vironment. The X-ray structure and the sequence alignmentinteraction with a nearby titratable group, which should have
show that His60 is mostly surrounded by conserved, hydro- a pK, value in the corresponding rangeK@gp~ 5.0-7.2).
phobic residues. His60 acts as a “lid” on a hydrophobic site To investigate the long-range nature of the interaction, the
with a low dielectric constant and has limited solvent pH-dependentresonances of surrounding amide groups were
accessibility (Table 1). It is an energetically unfavorable analyzed.
process of transferring a charged proton from the highly polar  Figure 5 illustrates that the carboxylate side chain of Asp21
aqueous solvent to the hydrophobic microenvironment in is involved in two hydrogen bonds: one bond to the side
which the dielectric constant is estimated to be much lower chain amide of Asn44 ¥ and one to the backbone amide
(42). Further inspection reveals that the imidazole ring is of Asn45. A comparison of corresponding titration curves
located at the N-terminus of smadi-helix 1. It is well- of Asn45 and the side chain of Asp21 exhibits striking
documented thabi-helices have a macroscopic dipolar similarities (Figure 6). The inflection points can be observed
character arising from the parallel alignment of the dipolar in each of the three curves, indicating a strong interdepen-
peptide bonds of the helix. Therefore, His60 could be under dence of titration behavior. Figure 6 shows that several
the influence of a slight positive chargé3(-45). Though a backbone amide resonances in the vicinity of Asn45 experi-
strong interdependence to Glu167 is evident, the conclusionence significant chemical shift changes, which can be
is that the K, value of His60 is estimated to be within a attributed to the ionization of either Asp21 or Glu184, but
range of 4.6-4.3, adding an extended error value. The real in comparison to the other amide groups, 1H& resonances
pK, value is probably at the upper limit, possibly around of Asn45 display the strongest dependence upon deproto-

4.3. nation of the resonances of the acidic side chains (see also
The ligand binding site of BadX comprises a cluster of Figure 1).
charged residues on the interifrsheet, including Aspl5, In general, the side chain of Asn45 has an important

Glul7, Asp21, Glul78, and the catalytic dyad, Glu94 and function during the catalytic reaction. Asn45 shares a
Glul84. A closer inspection reveals that the acidic residues hydrogen bond with the carboxylate group of Glu184, which
can be divided into two groups corresponding to the subsitesacts as the Brgnsted acid or base during the catalytic
for the sugar moieties: Aspl5, Glul7, and Glul178 in subsite reactions. After the formation of the glycosynzyme
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intermediate, Asn45 supports the nucleophilic attack by
establishing a hydrogen bond with the reactive water
molecule (1, 46, 47).

For a possible electrostatic interaction, Glu184 would have
a proper K, value of 6.5 but its carboxyl group is at a
distance of 9 A. As a consequence, the unusual titration
profile of Asp21 C is interpreted with the influence of
Glu184 via two hydrogen bonds with Asn45 as the mediator.
With Asn45 playing this role, the chemical shifpH profile
of its backbone amide reflects the interactions of both
carboxylate side chains. On one hand, the inflection points
at pH 6.8 (HY) and pH 6.6 (Ny), respectively, represent the
dependence on Glul84 and on the other hand with pH 3.3
(HN) and pH 3.7 (M), respectively, the interaction with
Asp21 (3.5).

This result gives additional information about the pivotal
role of amino acid 45, which is related to the catalytic pH
optimum of the family 11 xylanases. In a recent stug)(
an alignment of 82 amino acid sequences revealed that the
presence of asparagines correlates with so-called “alkaline”
xylanases such as BadX or BCX, or aspartates in those with
a more acidic pH optimum, e.g., xylanase | fréwpergillus
niger (47). A substitution of Asn45 with an aspartic acid
residue would lead to the formation of a rather short and
strong hydrogen bond with Glu184. It has been proposed
for the N35D mutant of BCX that homologous residue Asp35
and Brgnsted acid or base catalyst Glu172 exhibit a “reverse
protonation” mechanism due to the subsequent sharing of a
single proton. The catalytic action takes place if Asp35, with
the lower K, value, is protonated, while the nucleophile
Glu78, with the higher K, value, is deprotonatedtg).

It is evident that the titration profiles of Asp2¥ Gr Asn45
HN cannot be attributed to mere electrostatic interactions,
which would result in a simple monotonic slope. Adding
negative charges to the protein by gradual removal of protons
leads to an increase in electronegativity. Therefore, the
neighboring amide would be more and more deshielded with
an increased net chargd9). However, the alternation
between positive and negative slopes of pH titration profiles
indicates a more complex mechanism. Rather, such reverse
shifts are supposed to be the consequence of a simultaneous
reorganization of side chain conformational space atyfH
and/or an overall change in the hydrogen network in the
substrate binding cleft. Changes in the backbone conforma-
tion can be excluded since relaxation measurements with the
homologous xylanase frof. circulanssuggest that family
11 xylanases are compact globular proteins with very limited
backbone flexibility 49). Similar results were published for
another family 11 xylanase (XYNII) fromTrichoderma
reesei(50) which was crystallized at pH 5.0 and 6.5 (Protein
Data Bank entries 1XYO and 1XYP, respectively). The rms
difference between the two crystal structures was calculated

NMR spectra. Symbols represent experimental data points. (A) from the positions of all € atoms, and the reported value
Representation of nonlinear least-squares fits to the modified of 0.148 A indicates that the backbone conformation remains

Hendersor-Hasselbach equation according to the noninteracting

model with threej[= 3; D21 O (H)] apparent K, values. (B and

C) Representation of the least-squares best fit to the same equatio

with one | = 1; N44 H (@)], two [j = 2; Trp19 N (W), N44 Ny,
(@), N45 Ny, (@), 146 HN (a), and Y186 H/Ny, (¥)], or three |
= 3; Asn45 H' () and 146 Ny, (a)] inflection points correlating

to the protonation and deprotonation process of nearby residues
Asp21 and Glul84. Dashed lines illustrate the inflection points

extensively constant. The only exception is a change@

A in the position of the “cord” (residues 96.02) which

partly closes the active site cleft at one side.

The hypothesis of a “reshuffling” of side chain confor-
mational space at pr6 and the hydrogen bond pattern is
supported by the pronounced chemical shift changes of

showing the interdependence on the titration events of the acidic Packbone amides located in the cleft (Figures 2A and 7). It

side chains of Asp21 and Glul184.

can also be rationalized with the titration profile of the indole
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Ficure 7: pH-dependent chemical shift values of backbone amides involved in substrate binding. Experimental daml)poéres taken
from two-dimensional®N—'H TROSY-HSQC spectra. The solid lines are the least-squares best fits to the modified Hentharssglbach
equation with onej(= 1; W87 N), two ( = 2; E17, W19, N45, R49, E94, Y96, R129, Q143, E184, and W14%, Nr three inflection
points { = 3; Y85).

side chain atom Trp19 M (Figure 6D), which is 9.9 A from nearby side chains could alter the surrounding electrical field
the carboxyl of Glul84. It reaches a minimum number of or the magnetic anisotropies of the discussed residues, which
chemical shifts, and then it is correlated to Glu184 with a leads to the observed reverse shift of Trpl9, Asp21, and
minor reverse shift at pH 6.7. Generally, the electronic Asn45 at higher pH values.

shielding depends mainly on the short-range contribution in ~ The side chain pH titration profile of Aspl5, which is
the vicinity of the inspected nucleus. Changes in the located at the opposite side of the substrate binding cleft,
heteroaromatic system of the indole are negligible, and shows a similar dependence around pH76 At lower pH
therefore, long-range contributions are to be considered.values, the titration curve of Aspl5”Glisplays a K, of
Torronen et al. $0) showed for XYNII that the side chain 3.4, which is modestly lower than values for model com-
conformations of homologous residues Asn44 and Trpl18 did pounds. This can be rationalized as a perturbation caused
not change between pH 5.0 and 6.5. However, Glu177, which by the other acidic side chains of subsitg, Glul7 (K, =

is the corresponding Brgnsted acid of the catalytic dyad of 4.3) and Glul78 (i§. = 4.1), which are likely to cause the
XNVYII, revealed a large displacement of 2.8 A related to second apparent{ value of 4.5. A third titration event (pH
the position of the €atom. The hydrogen bond between 6.7) is interpreted as a consequence of the mentioned change
the side chain of Glu177 and the side chain amide of Asn44 in side chain conformations and hydrogen network.

N°2 js stretched from 3.4 to 3.7 A during this pH-induced Subsite—1 of BadX contains the catalytic dyad, Glu94
conformational change. A similar movement of the side chain and Glul184, which is an analogous example of coupled
of Glul84 in BadX and the consecutive rearrangement of titration behavior that has already been characterized for BCX
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A

Ficure 8: Structural environment of the active site represented as a ribbon diagram. (A) Aretnatiophobic microenvironment of the

acidic residues located in the substrate binding cleft. Dashed lines illustrate possible hydrogen bonds. (B) Titration behavior of backbone
amides of active site residues which are involved in xylan fiber binding as observed reddhti8gheres represent the backbone amide
nitrogen atoms whose corresponding titration data were analyzed to show the interdependence on the protonation state of the nearby acidic
side chains. Numbers annotate inflection points or appat€nvalues. In parentheses are values with the smaller linear coefficigof (

the regression analysis.

(51). Here, the pH-dependent resonances of Glud4r@ow At least the asymmetric titration behavior can be correlated
a pronounced biphasic profile, allowing a fit of two apparent with the chemical shiftpH profiles of aromatic indole
pKa values. The first K, value (3.9) is attributed to Glu94  nitrogens Trp87 N (inflection point at pH 4.8) and Trp145
itself, while the second (6.1) reflects the protonation or Ne€ (inflection point at pH 6.7; see Figure 7). The carboxylate
deprotonation process of the opposite Glu184 (Glu¥4-O  group of Glu94 is equidistant from both tryptophan side
Glul84 O! distance of 5.7 A). This result is in good chains (5.9 and 6.2 A), which is comparable with the distance
agreement with the reported pH dependencé&.gKn for geometry of Glu184 (5.7 A to Trp87 and 6.5 A to Trp145).
the hydrolysis of a substrate analogue by BadX which The protonation or deprotonation process of Glu94 dominates
follows a bell-shaped curve with an optimum value at pH the chemical shiftpH profile of Trp87 N, while Glu184
5.6 (17). Glu94 with its K, value of 3.9 is able to perform  rules over that of Trp145  Direct electrostatic interaction
the nucleophilic attack because it is deprotonated for more seems to be less crucial because of the pairlike distance
than 99% at pH> 6. The very shallow titration curve of  geometry. It is more probable that the asymmetric interaction
Glu184 could only be used for data analysis with pH values is mediated via hydrogen bonds ane- stacking. Glu94
of <5.5. The correlatedi, of 4.4 is to be attributed to the O forms a bridge to the phenolic oxygen atom of Tyr85
influence of Glu94. The g, of Glu184 itself was determined  (O7) with a hydrogen bond and Glu184 @ Tyr96 O (see
indirectly via neighboring backbone amides. These reso- Figure 8A). The plane of Trp87 is perpendicular to that of
nances exhibited quite similar profiles, yielding an average Tyr85, but Tyr96 is parallel to Trp145 due fo-7 stacking.
pKa value of 6.5 for Glu184. This result also corresponds The conclusion is if an ionization step of one carboxylate
with the reported enzymatic activity of BadX 7). Glul84  group leads to a new equilibrium of side chain conformations
is protonated to a sufficient extent at modestly elevated pH or modifies the hydrogen bond to the corresponding tyrosine,
values and therefore is able to initiate cleavage by donatingthis effect could be transferred to the neighboring indole.
its proton to the bridging oxygen atom of thel,4 glycosidic  The shifted aromatic ring planes would alter their influence
bond. via the magnetic anisotropy on the indole! Mesonances.
The reciprocal relationship of theKp values can be This argument could explain that the ionization of Glu94
analyzed by considering mutual electrostatic repulsion of like dominates the chemical shifpH profile of Trp87 via Tyr85,
charges. An interaction of two neighboring carboxylate while Glu184 has a strong influence over Trp145 via Tyr96.
groups increases ond&pvalue, thus preventing the unfavor- An analogous situation was described for the active site of
able Coulombic energetics. Unfortunately, no simple reason- XYNII with the homologous groups of residues Glu86 (BadX
ing can be provided to explain why th&pvalue of Glu184 residue, Glu94), Tyr77 (Tyr85), and Trp79 (Trp87) and
is increased and not that of Glu94. It might be more likely Glul77 (Glu184), Tyr88 (Tyr96), and Trp138 (Trp145). The
that Glu94 is better stabilized due to the closer location of two crystal structures of XNYII reveal minor changes in the
the positive charge of Argl29 (distance of 5.3 A), and side chain conformations of Glug6, Tyr77, and Trp79 but
therefore, the K, of Glu184 increases (distance to Argl29 major changes for Glul77, Tyr88, and Trpl38. These
of 6.7 A) (51, 52). An explanation for the strong perturbation findings support the hypothesis that the correlation of
of both carboxylate groups is the unusual hydrophobic chemical shiftpH profiles among the two homologous
microenvironment created by several aromatic residuesgroups of BadX could be based on the reshuffling of side
located in the active site cleft (Figure 8A). chain orientations and the hydrogen network.
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To complete the investigation of the active site, ‘aN retical calculations with the experimental data presented here,
amide titration curves of the backbone residues which take will be discussed in a follow-up publication. The neglect of
part in substrate binding were inspected (Figure 7). Most of conformational changes or the position of hydrogen bonds,
the titration curves exhibit biphasic behavior with two distinct which can change during the course of pH variation, may
inflection points, which correspond to the nearby acidic side lead to the deviation of calculate&pvalues.
chains of Glul7, Glu94, and Glu184.

Data analysis with nonlinear regression resulted in two ACKNOWLEDGMENT
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