
 1996 5: 1118-1135 Protein Sci.
  
L. A. PLESNIAK, W. W. WAKARCHUK and L. P. MCINTOSH 
  

 xylanase
Secondary structure and NMR assignments of Bacillus circulans
 
 

 service
Email alerting

 click heretop right corner of the article or 
Receive free email alerts when new articles cite this article - sign up in the box at the

 Notes   

 http://www.proteinscience.org/subscriptions/
 go to: Protein ScienceTo subscribe to 

© 1996 Cold Spring Harbor Laboratory Press 

 on March 17, 2007 www.proteinscience.orgDownloaded from 

http://www.proteinscience.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=protsci;5/6/1118&return_type=article&return_url=http%3A%2F%2Fwww.proteinscience.org%2Fcgi%2Freprint%2F5%2F6%2F1118.pdf
http://www.proteinscience.org/subscriptions/
http://www.proteinscience.org


Prolein Science (1996), 5:1118-1135. Cambridge University Press.  Printed in the USA 
Copyright 0 1996 The Protein Society 

Secondary  structure  and NMR assignments 
of Bacillus circulans xylanase 

LEIGH  A.  PLESNIAK,'.'  WARREN W. WAKARCHUK,2 AND LAWRENCE P. MCINTOSH' 
' Department of  Biochemistry and  Molecular  Biology,  Department of Chemistry,  and  the Protein Engineering  Network 

* National  Research  Council of Canada, Ottawa, Ontario K1A OR6, Canada 
(RECEIVED November  20, 1995; ACCEPTED March 6, 1996) 

of Centres of Excellence,  University  of British Columbia, Vancouver,  British  Columbia V6T 123, Canada 

Abstract 

Bacillus circulans xylanase (BCX) is a member of the family  of low molecular weight endo-P-(1,4)-xylanases. The 
main-chain ' H ,  I3C,  and ISN resonances of this  20.4-kDa  enzyme were  assigned  using heteronuclear  NMR ex- 
periments  recorded on a combination  of selectively and  uniformly labeled protein  samples. Using chemical  shift, 
NOE, J coupling, and  amide hydrogen  exchange information, 14 P-strands, arranged in  a  network  of  three P-sheets, 
and a  single a-helix were identified in BCX.  The  NMR-derived  secondary  structure  and @-sheet topology  agree 
closely with that observed  in the crystal structure of this  protein.  The H N  of Ile 118 has a strongly upfield-shifted 
resonance  at 4.03 ppm, indicative  of  a potential  amide-aromatic  hydrogen  bond  to  the  indole ring  of Trp 71. This 
interaction, which is conserved in all low molecular weight xylanases of  known  structure,  may play an  important 
role in establishing  the active  site conformation of these enzymes.  Following  hen egg white and  bacteriophage  T4 
lysozymes, B. circulans xylanase  represents the third  family of  0-glycanases for which extensive NMR  assignments 
have been reported.  These  assignments  provide  the  background  for  detailed  studies  of  the  mechanism of carbo- 
hydrate  recognition  and hydrolysis by this  bacterial  xylanase. 

Keywords: amide-aromatic  hydrogen bond; 0-glycanase; chemical shift  index;  NMR  assignments;  secondary  struc- 
ture; xylanase 

Xylans are  abundant  structural  heteropolysaccharides,  formed 
from a backbone of P-( 1.4) linked  xylopyranosyl  residues,  that 
are  found in plant cell walls (Coughlan & Hazlewood, 1993). 
The  degradation of these  complex  polysaccharides by bacteria 
and  fungi  requires  the  synergistic  action of endo-P-(1,4)- 
xylanases to hydrolyze the xylan backbone, 0-xylosidases to fur- 
ther cleave the  product xylo-oligomers, and a series of accessory 
debranching enzymes (Hazlewood & Gilbert, 1993). Xylanolytic 
enzymes  have  many  applications,  including  the  clarification of 
juices and wines, the  saccharification of agricultural  and  for- 
estry wastes for  fermentation  to  fuels,  the  improvement of the 
nutritional value of  agricultural silage, and the  conversion  of xy- 

Reprint requests to: Lawrence McIntosh, Department of Biochem- 
istry, 2146 Health  Sciences  Mall,  University of British Columbia, Van- 
couver, British Colombia V6T 123, Canada; e-mail: mcintosh@otter. 
biochem.ubc.ca. 

Present address: Chemistry Department, University of San Diego, 
San  Diego, California 921 10. 

Abbreviations: BCX, Bacillus circulans xylanase; CSI, chemical shift 
index;  CT, constant-time; DSS, sodium 2,2-dimethyI-2-silapentane-S- 
sulfonate; d3-acetate, 'H-[2,2,2]-acetate; HSQC,  heteronuclear single 
quantum correlation; INEPT, insensitive nuclei  enhanced by polarization 
transfer; MES, 2-[N-morpholino]ethane-sulfonic acid; pH*, pH meter 
reading  uncorrected for isotope effects; TSP, 3-(trimethylsilyl)propionate. 

lans  to simple xylose derivatives used,  for  example,  as sweeten- 
ers (Coughlan & Hazlewood, 1993; Hazlewood & Gilbert, 1993). 
Also,  the  addition of cellulase-free  xylanases during  the bleach- 
ing process of kraft pulp reduces the environmental  impact from 
the  chlorine  derivatives  currently used to  whiten  paper  (Wong 
& Saddler, 1992). Accordingly, xylanases remain  the  focus of 
research aimed  both  at  understanding  the mechanisms by which 
they bind and hydrolyze  xylan, and  at exploiting  these  enzymes 
for  their  effective use in biotechnology. 

Bacillus  circulans xylanase is a member of the  family 11 or 
G low molecular weight endo-P-(1,4)-xylanases (Paice et al., 
1986; Gilkes et al., 1991; Gebler et al., 1992; Henrissat & 

tiroch, 1993;  Davies & Henrissat, 1995). This  family of en- 
zymes preferentially  hydrolyzes xylose polymers ( n  > 5-7), ul- 
timately yielding xylobiose and xylotriose (Bray & Clarke, 1992). 
An investigation of the stereochemical course  of the reaction  cat- 
alyzed by BCX  demonstrated  that hydrolysis proceeds with  re- 
tention  of  the  anomeric  configuration (Gebler  et al., 1992). 
Combined with the  observation  that  the  enzymes  also  catalyze 
transglycosylation, this shows  that hydrolysis  follows  a double- 
displacement  mechanism in  which  a covalent glycosyl-enzyme 
intermediate is formed  and  subsequently  hydrolyzed  through 
oxocarbonium ion-like transition states. This  mechanism,  com- 
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mon  to "retaining" glycosidases, involves two active site carboxyl 
groups,  one  serving  as  an  acid-base  catalyst  and  the  second  as 
a  nucleophile (Sinnott, 1990). The catalytic residues in BCX have 
been identified  as Glu 78 and  Glu 172,  respectively,  using both 
mutagenesis and mechanism-based  inhibitors (Wakarchuk et al., 
1992,  1994a; Mia0 et al., 1994). 

The  crystal  structures of the  homologous xylanases from B. 
circulans,  B. pumilis,  Trichoderma  harzianum, and T. reesei 
have been determined (Okada et al., 1989; Campbell et al., 1993; 
Torronen et al., 1994; Wakarchuk et al., 1994a; Torronen & 
Rouvinen, 1995).4 These  proteins have the  same  general  fold, 
yet there  are clearly major  differences in their  catalytic activi- 
ties, specificities, pH  optima,  and thermostabilities (Wakarchuk 
et al. 1992, 1994a and  references  within).  Complexes of a cata- 
lytically incompetent  BCX mutant with xylotetraose (Wakarchuk 
et al., 1994a) and 7: reesei xylanase I1 with partially  hydrolyzed 
oat  spelts xylan (Torronen & Rouvinen, 1995) have  also been 
characterized  crystallographically. In both cases, the  bound sug- 
ars were disordered,  thus  precluding a complete  description of 
the  interactions leading to  substrate  binding  and hydrolysis. 
However,  detailed kinetic studies of several active site mutants 
have helped define  the enzymatic mechanism of BCX (Wakarchuk 
et al., 1994a). Significant  progress  has  also been made  toward 
engineering  higher  thermostability in this  protein  (Wakarchuk 
et al., 1994b). Still, to direct further  protein engineering efforts 
aimed  at  enhancing catalysis for biotechnological applications, 
a detailed  description of the  substrate-protein  interactions is 
essential. 

The  goal of our  research is to investigate  the basis of  carbo- 
hydrate  recognition by BCX  and  the  mechanism  of xylan hy- 
drolysis using  a combined  approach of NMR  spectroscopy  and 
mutagenesis. In addition  to  providing  structural  information, 
NMR offers  the possibility to investigate the role of  protein dy- 
namics in substrate binding and  to dissect the  electrostatic  (pH) 
dependence  of hydrolysis. To  date, hen egg white and  T4  phage 
lysozymes (or closely related  homologues)  are  the  only 0- 
glycanases for which NMR  has been used for detailed structure- 
function  studies  (Redfield & Dobson, 1988; McIntosh et al., 
1990). As a first  step  toward these goals, we have  assigned the 
main-chain  and  selected  side-chain 'H,   ' jC ,   and  "N reso- 
nances of isotopically  labeled BCX. In parallel, we have also de- 
termined  the  secondary  structure of this protein using chemical 
shift,  NOE,  and  J-coupling  information,  combined with amide 
hydrogen  exchange  measurements.  Consistent with crystallo- 
graphic  studies,  BCX is composed  of 14 &strands,  arranged in 
a network  of  three  &sheets,  and a  single a-helix. A potential 
amide-aromatic hydrogen bond  that may contribute  to  the struc- 
ture  of  the  active site  cleft of  this  enzyme was also  identified. 

Results 
The NMR spectra  obtained  from  BCX  are generally of superior 
quality to  those of  most  proteins in the 20-kDa  molecular weight 
range.  This is exemplified by the  'H-"N  HSQC  spectrum  of 
BCX in which essentially all the peaks from  the 178 non-proline 
residues in the protein are clearly resolved (Fig. 1). This excellent 
spectral  dispersion is attributed in part  to  the extensive  &sheet 

The  Brookhaven  Protein  Data  Bank  codes for the  proteins  are: B. 
circulans xylanase ( I  XNB), T. harziunum xylanase (1 XND), T. reesei 
xylanase I (IXYN),  and T. reesei xylanase I1 (IXYO  and  IXYP). Co- 
ordinates for B. pumilis xylanase  have  not  been  released. 

secondary  structure of BCX  and  to its high content of aromatic 
residues (4  phenylalanines, 11 tryptophans,  and 15 tyrosines). 

BCX is a stable thiol-free  protein with a basic isoelectric point, 
for which good  quality  NMR  spectra  can be obtained  from  pH 
-3-8 at 30 "C.  During  the  initial screening of  BCX, we noted 
a deterioration in the  quality  of  its  spectra with either  increas- 
ing ionic strength or protein  concentration, possibly due  to lim- 
ited association  or  aggregation.  The  experimental  conditions of 
0.8 mM  xylanase in 25 mM  acetate  buffer  at  pH 5.8 and 30 "C 
were chosen  as  an  optimal  compromise  for  maintaining  good 
signal-to-noise  and  narrow  resonance  line  widths.  The  enzyme 
is maximally active  near  this pH,  and  thus  these  conditions 
match  those used for  enzymatic  studies of BCX  (Wakarchuk 
et al., 1992, 1994a). 

The  apparent molecular weight of BCX was determined to be 
18.0 kDa by equilibrium  sedimentation  studies (50 pM  protein 
in 100 mM NaC1, 10 mM MES,  pH  6.0,20 "C), with no evidence 
of  higher-order  association  at  this  protein  concentration.  The 
molecular weight  of the  unlabeled  protein is 20,396 k 2 amu  as 
measured by electrospray  mass  spectroscopy.  This  latter value 
is in exact agreement  with  that expected from  the  sequence of 
BCX  after  posttranslational cleavage  of the  N-terminal  methi- 
onine  introduced by the plasmid expression system (Paice et al., 
1986). The lower molecular weight determined by equilibrium 
sedimentation  may result from  the  assumption  of  an  average 
partial specific volume of 0.73 cm3/gm. We note  that use of a 
partial specific volume of 0.70  cm3/gm, as  calculated from  the 
amino acid composition  of  BCX,  would lead to  an even  lower 
apparent  molecular weight of 16.2 kDa, whereas  a  value of 
0.76  cm3/gm  would  be  required to produce  the  true  molecular 
weight of the  protein  from  the  observed  equilibrium  sedimen- 
tation  data  (Zamyatnin, 1984). 

Velocity sedimentation measurement  of the protein under  the 
same  conditions used for  the  equilibrium  studies yielded an in- 
trinsic sedimentation  coefficient (.S&,+) of 2.22 S and a  calcu- 
lated  Stokes radius of 18.9 A (Tanford, 1961). This is consistent 
with the  crystal  structure  of  BCX, in which the  protein is essen- 
tially spherical with a nonhydrated  radius of - 18 A. Based on 
a preliminary  analysis of "N relaxation  data,  the  isotropic ro- 
tational  correlation  time of BCX is 8.4 ns under  the  conditions 
employed  for  the  current  NMR  studies  (data  not  shown).  This 
correlation time is longer than  that expected for a sphere of the 
above  Stokes  radius, unless an  additional  hydration shell of 3 A 
is invoked (Venable & Pastor, 1988). The  difference in  radii  de- 
termined by ultracentrifugation  and  NMR  relaxation  measure- 
ments  may  result from  the higher protein concentration (0.8 mM) 
used for  the  latter analysis.  Nevertheless, the  sedimentation co- 
efficient and  rotational  correlation  time measured for BCX are 
slightly  lower than  those  characteristic of proteins in the  same 
molecular weight range  (Tanford, 1961). This  shows  that  BCX 
has a very compact  globular  structure  in  solution, resulting  in 
its favorable  relaxation  behavior  for  characterization by NMR 
spectroscopy. 

Main-chain  resonance  assignments 

We have  assigned the resonances from  the main-chain ' H ,  l3C, 
and "N in  BCX  using a combination of two-  and  three- 
dimensional  heteronuclear  NMR  experiments  (Table 1). The 
'H-"N  spectrum  of  BCX, with one  peak expected per residue, 
excluding the N-terminus and  the six prolines, served as the start- 
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Fig. 1. 'H-15N  HSQC  spectrum of uniformly  "C/"N-enriched  BCX  at  pH 5.8 and  30°C.  The  two  cross peak within  boxes 
correspond  to  amides  with I5N shifts  that  are  outside  the  spectral  window  and  are  thus  aliased  and  inverted in the  spectrum. 
Ile  118,  with an H N  shift of 4.03 ppm  and "N shift  of 113.6 ppm, is not  shown.  Assignments of 8 of  the 11 tryptophan  indole 
"NH"  cross  peaks  are  labeled  within  parentheses,  whereas  the  remaining  three  unassigned  cross  peaks  are  denoted by aster- 
isks (*). The  I5NH'  peaks  from five of  the seven arginine side chains  are aliased within the  spectrum, but not  assigned. The  NH2 
groups  from  the  Asn  and  Gln  side  chains  were  not  observed due to incorporation  of  a  refocused  INEPT  sequence,  tuned for 
AX spin  systems,  followed by WALTZ-I6 ' H  decoupling  during t I  into  the  sensitivity-enhanced  gradient  HSQC  sequence.  The 
amide I5N were decoupled  from  the  neighboring I3CLr and  "C' nuclei by the  application of a  hard 180" pulse applied  at 114 ppm 
in I3C  during t l .  

ing point  for  the  assignments  (Fig. I ) .  However, even with  the 
excellent dispersion,  the  analysis of this  spectrum was a chal- 
lenging task  due  to  the  complexity  arising  from  the  large  num- 
ber of residues in xylanase. To simplify the assignment protocol, 
we initially  recorded the HSQC spectra of BCX selectively labeled 
with  c~-"N-valine,  -tyrosine,  -aspartic  acid  and  -asparagine, 
-glycine, or -glycine and -serine. We chose these residues based 
on their relative  abundance in  BCX and  the  availability  of in- 
expensive a-I5N  amino  acids.  The  asparagine  and  serine were 
labeled by metabolic  conversion of the  precursor  "N-aspartic 
acid or -glycine,  respectively, from  the  medium  during  xylan- 
ase expression in Escherichia coli (McIntosh & Dahlquist, 1990). 
These selectively labeled amino  acids, which comprised 52% of 
the  protein  sequence,  provided  unambiguous  reference  points 
for  the specific resonance  assignments. 

Although  I3Ca  and 13CB chemical  shifts  are  diagnostic of 
amino acid type  and  thus  facilitate  the  mapping of spin systems 
to  the primary sequence of a protein (Richarz & Wiithrich, 1978; 
Oh et al., 1988; Meadows et al., 1994), the use of selective  la- 

bels greatly  increased  the  speed  and  confidence with which the 
spectrum of BCX was assigned manually. For example,  the 
I3C" and  I3CB  of  tyrosine,  phenylalanine,  asparagine,  and as- 
partic  acid  have  similar  chemical  shift  ranges in proteins,  and 
thus  the 15 Tyr  and 25 Asp/Asn were distinguished  immediately 
based on  the selective labeling.  Similarly,  serine  and  threonine 
both generally  have I3C0  resonances  downfield of their ' 3 C n  
resonances.  Hence, 18 serine residues were differentiated  un- 
ambiguously from  the 25 threonine residues based on  the  HSQC 
spectrum  of BCX labeled  with the  former  amino  acid.  The 
13Ca and  13CB  chemical  shifts  of valine and  proline  are  also 
very similar in  proteins. Because the assignment  method  outlined 
below is interrupted  at  the  proline  residues, it  was very useful 
to determine  unambiguously, from  the spectrum  of  BCX labeled 
with  "N-valine, whether a given residue  at  an  apparent  inter- 
ruption  point  was a proline or a  valine. Although this  assign- 
ment  strategy did  require several samples  of  labeled protein,  the 
total  time  and financial cost was low due  to  the  good expression 
(-30 mg/L  media)  and  one-column  purification  of  BCX. 
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Table 1. Main-chain 'H, I3C, and "N resonance assignments for Bacillus circulans xylanase (pH 5.8 and 30 'C)= 
~ 

~ 

Residue 

AI 
s 2  
T3 
D4 
Y5 
W6 
Q7 
N8 
w 9  
T I 0  
Dl 1 
GI2 
G13 
GI4  
115 
V16 
N17 
A18 
V19 
N20 
G2 1 
s22 
G23 
G24 
N25 
Y26 
S27 
V28 
N29 
W30 
S3 I 
N32 
T33 
G34 
N35 
F36 
v37 
V38 
G39 
K40 
G4 1 
W42 
T43 
T44 
G45 
S46 
P47 
F48 
R49 
T50 
151 
N52 
Y53 
N54 
A55 
G56 
v57 
W58 
A59 
P60 
N6 I 
G62 

~~ ~ 

~~ 

~~ 

"N ( ' H N )  
~~ 

116.3 (8.37) 
120.4 (8.02) 
122.2  (7.84) 
133.6  (7.40) 
128.9  (8.13) 
125.4  (7.98) 
127.5 (8.60) 
120.9  (7.10) 
124.1 (7.50) 
110.6  (8.44) 
1 1  I .O (8.47) 
113.8 (8.48) 
122.7 (8.18) 
128.8 (8.46) 
127.8 (8.75) 
131.4  (8.79) 
126.1 (9.40) 
127.6 (8.35) 
114.7 (7.23) 
114.3 (8.30) 
115.1 (8.90) 
117.4  (9.30) 
120.5 (8.18) 
126.3 (9.74) 
113.0 (8.75) 
120.6 (9.18) 
127.7 (8.48) 
126.9  (9.16) 
117.7 (9.23) 
127.5 (8.32) 
107.5 (8.33) 
107.4  (7.61) 
129.2 (9.68) 
121.0  (7.76) 
121.3 (9.16) 
128.5 (8.60) 
110.1 (8.40) 
117.0 (6.44) 
109.6 (7.93) 
131.5 (9.61) 
125.0  (10.24) 
115.7 (8.50) 
111.4 (8.18) 
11  1 .O (7.46) 

114,8  (7.19) 
123.2 (6.58) 
126.0 (8.57) 
130.3  (8.70) 
127.7 (8.77) 
116.9 (8.61) 
118. I (8.91) 
134.0 (9.67) 
117.5 (8.32) 
118.9  (8.20) 
129.1 (8.99) 
129.6 (8.05) 

126.5 (9.31) 
110.3  (8.13) 

~ ~~~ - 

I3Ca ('H") 
~~ ~ __ 

59.0 
61.7 (3.37) 
53.6  (4.76) 
58.4 (4.71) 
54.6  (4.93) 
52.6  (3.96) 
52.6  (4.40) 
57.5  (4.69) 
57.8  (4.20) 
40.2 (4.06) 
44.8  (3.54,  4.28) 
45.1  (3.54,  4.11) 
46.4  (3.67, 3.79) 
60.2  (4.23) 
62.5  (3.73) 
52.1 (5.04) 
50. I (5.38) 
62.4  (4.03) 
51.8  (3.48) 
44.2  (3.62,  4.13) 
58.8  (4.20) 
47.5  (3.80,  3.89) 
46. I (4.78,  4.40) 
54.4  (5.70) 
57.8  (5.05) 
56.7  (5.24) 
61.2 (5.22) 
53.3  (5.53) 
55.9  (5.59) 
57.5  (4.84) 
54.4  (4.26) 
63.2  (4.06) 
46.5  (4.38) 
52.6 (5.59) 
67.1  (5.01) 
62.9  (4.22) 
58.7  (4.56) 
45.8  (3.07,  3.60) 
54.8  (5.40) 
47.5  (2.58, 4.57) 

66.2  (3.32) 
60.6 (4.90) 
46.0  (3.56,  4.14) 
52.3  (3.87) 
63.0 (4.06) 

57.1  (3.86) 
62.6  (4.66) 
62.4  (4.00) 
51.1 (5.16) 
56.9 (5.53) 
53.1  (4.75) 
50.3  (5.48) 
47.1  (3.96) 
62.5 (4.15) 
56.3  (5.30) 

63.6  (4.11) 
52.0  (4.85) 
44.4  (3.91,  4.68) 

59.9  (5.39) 

55.7  (4.53) 

49.7 (4.57) 

- 
"CO ( 'HD)  

63.8 
69.7  (0.53) 
42.3  (2.49,  3.13) 
42.3  (1.95,  2.49) 
32.9  (2.77) 
30.0  (1.26) 
37.3  (2.23) 
3 I .5  (2.98) 
70.5  (3.97) 
53.7  (2.69,  3.20) 

40.9  (1.67) 
33.1 (1.75) 
38.7  (2.72,  2.90) 
22.1 (1.51) 
34.0 (2.17) 
35.6  (2.40) 

63.8  (3.80) 

42.9  (2.75,  2.96) 
42.9  (3.03,  3.71) 
66.6  (3.95,  4.20) 
34.9  (2.49) 
41.8 (2.74) 
33.0 (2.30, 2.98) 
65.1 (3.64) 
37.7  (2.65, 2.86) 
71.5  (4.56) 

42.0  (2.84) 
41.8  (2.89,  3.18) 
35.5 (1.85) 
36.7  (1.63) 

38.7 (1.74) 

32.6 (2.79, 3.45) 
69.7  (4.50) 
70.3  (4.99) 

65.7 
3  1.4  (1.28,  1.90) 
39.4 (2.39) 
31.6  (1.04, 1.43) 
69.3  (3.98) 
40.1  (1.89) 
40.0  (0.86, .60) 
41.1 (2.86) 
40.9  (2.98) 
18.2 (1.53) 

35.8 (1.79) 
31.0 (3.15, 3.34) 
18.4  (0.99) 
31.2 (2.04) 
37.5 (2.32,  2.65) 

l3cr 

174.9 
174.8 
175.1 
173.3 
171.3 
172.2 
173.0 
174.0 
171.0 
177.3 
175.3 
175.3 
173.2 
174.9 
173.4 
173.6 
176.6 
174.4 
175.2 
172.9 
177.0 
176.0 
175.4 
175.8 
171.0 
173.4 
174.2 
173.0 
175.4 
172.7 
174.7 
178.8 
175.1 
172.6 
177.3 
173.6 
175.1 
170.0 
175.7 
170.5 
175.1 
174.3 
175.1 
174.0 
173.8 
173.7 
175.9 
176.0 
173.2 
174.3 
172.5 
172.6 
176.3 
175.2 
175.4 
175.4 
172.4 
174.0 
175.8 
176.1 
172.3 

___ 

Residue 

N63 
G64 
Y65 
L66 
T67 
L68 
Y 69 
G70 
W7 1 
T72 
R73 
s74 
P75 
L76 
177 
E78 
Y79 
Y80 
V8 I 
V82 
D83 
S84 
W85 
G86 
T87 
Y88 
R89 
P90 
T9 1 
G92 
T93 
Y 94 
K95 
(396 
T97 
V98 
K99 
SI00 
Dl01 
G102 
GI03 
TI04 
Y 105 
Dl06 
1107 
Y 108 
TI09 
T110 
TI11 
R112 
Y113 
N114 
A1 I5 
PI 16 
S117 
1118 
Dl 19 
G120 
Dl21 
R122 
TI23 
T124 

~~ 

- 

"N ( 'HN)  

124.6 (8.91) 
118.9 (8.04) 
119.5 (9.68) 
127.8 (7.95) 
123.0  (8.95) 
135.0 (9.31) 
134.3 (9.62) 
113.4  (6.40) 
111.9 (6.11) 
113.8 (9.13) 
118.0  (8.87) 
1 1  1.6  (8.57) 

~~ 

120.4  (7.76) 
131.1 (8.10) 
130.2 (7.42) 
124.0  (7.71) 
115.9 (8.15) 
121.4  (8.08) 
128.2 (9.63) 
129.9 (8.40) 
109.6 (8.23) 
120.9 (7.74) 

118.9 (8.05) 
123.6 (8.18) 
133.8 (8.07) 

1 1 1.9 (9.34) 

106.7 (6.03) 
108.5 (5.22) 
125.7 (9.02) 
132.0 (9.09) 
125.7 (8.47) 
104.6 (5.61) 
110.3 (8.13) 
121.0  (9.29) 
130.3 (8.51) 
118.0  (8.75) 
125.6 (9.66) 
106.9 (8.84) 
110.4 (8.23) 
117.5 (8.06) 
127.4 (9.81) 
123.2 (8.81) 
122.9 (8.45) 
124.2 (9.19) 
110.0 (8.36) 
115.8  (8.84) 
118.4 (8.49) 
127. I (8.32) 
121.0 (8.16) 
122.3 (8.01) 
124.1 (9.3 1) 

116.8 (8.64) 
113.6 (4.03) 
120.9 (7.21) 
109.5 (7.21) 
119.3 (8.11) 
121.8 (8.26) 
118.2 (9.03) 
119.6  (8.30) 

-~ 

l3Cn ('H") 

53.8 (5.08) 
46.4 (3.75, 5.00) 
54.1 (5.85) 
54.2  (4.70) 
58.1  (5.71) 
56.1 (5.01) 
56.5  (5.04) 
45.6  (3.06,  3.46) 
55.1  (5.47) 
60.7  (4.47) 
55.4  (4.11) 
57.8 (3.85) 
63.2  (4.44) 
54.9 (4.98) 
59.1 (4.44) 
52.9  (3.35) 
54.6  (5.54) 
57.0 (5.28) 
62.7 (4.88) 
62.9  (4.32) 
54.9 (5.68) 
57.6 (4.20) 
57.3  (6.59) 
45.1 (4.78) 
63.5  (4.25) 
56.7 (4.83) 
51.7 (3.11) 
63.0 (3.40) 
58.7  (2.76) 
46.1 (3.22, 3.87) 
64.2  (4.43) 
60.0  (4.51) 
53.9  (4.22) 
44.9  (3.48,  3.75) 
60.2  (5.62) 
59.7 (4.50) 
54.9 (5.29) 

55.8 (4.33) 
46.1  (4.69) 
43.4 (3.60, 4.75) 
62.7  (4.86) 
56.1  (4.95) 
54.5  (5.16) 
59.6  (4.97) 
54.8 (5.87) 
60.0 (5.76) 
61.7  (4.71) 
62.4  (4.59) 
53.6  (4.27) 
56.7  (4.64) 
54.1  (3.77) 
50.1 (5.04) 
63.0 (4.68) 
56.5 (5.23) 
63.1 (3.38) 
54.1 (4.69) 
45.1  (3.70, 3.85) 
55.3  (4.46) 
55.4  (4.07) 
60.6  (4.78) 
60.7 (5.29) 

59.4  (4.34) 

_____"__.._ 
~ ~ .~ 

13C@ ( 'HO)  

38.0  (2.81,  3.93) 

42.6 (3.09,  3.51) 
40.7 
72.6  (3.94) 
43.3  (1.77) 
43.4  (2.30,  2.50) 

._____ ~~~ 

35.4  (1.90,  2.71) 
72.9  (3.66) 
33.4  (1.31) 
62.0 
34.8 (2.28) 
42.6 (1.98) 
41.2 (1.46) 
32.1 (0.88) 
42.5  (1.95,  3.27) 
44.6 (2.15, 2.87) 
32.2  (2.03) 
33.9 (1.27) 
43.6 (2.30,  2.45) 
57.6  (3.74) 
29.4  (3.83,  3.99) 

69.0  (3.84) 
40.9  (2.76,  2.95) 
30.3 
63.1 (1.32) 
72.0 (3.26) 

68.6 (4.35) 
39.2 (2.94,  3.27) 
33.5  (1.58) 

74.3 (3.95) 
34.8 (1.78) 
33.0  (1.65,  1.72) 
64.4 (3.08,  3.60) 
41.7 (2.99) 

70.0 (3.79) 
39.6  (2.71, 3.18) 
44.9 (2.08, 2.38) 
39.4 (1.23) 
43.4  (2.16,  2.48) 
71.8 (4.34) 
73.1 (4.45) 
71.4  (3.62) 
30.9  (1.05, 1.23) 
40.7  (2.64,  2.79) 
37.2 (2.61, 2.81) 
22.0 
31.4 (2.26) 
68.2 
36.4  (-0.34) 
42.1  (2.07,  2.69) 

41.5  (2.54) 
30.7 
72.4  (4.14) 
71.7 (3.98) 

1121 

- .~ 

l3ct 
~ 

176.5 
171.2 
173.6 
175.7 
172.3 
177.7 
172.5 
168.8 
169.8 
172.0 
176.1 
172.8 
174.6 
175.1 
173.3 
173.7 
171.9 
177.8 
174.5 
175.6 
176.5 
172.6 
175.2 
175.3 
175.3 
173.0 
171.8 
173.6 
175.3 
172.6 
174.5 
176.2 
175.4 
167.0 
174.0 
172.3 
176.2 
174.7 
176.5 
173.8 
172.4 
172.7 
175.0 
174.3 
175.0 
175.4 
174.5 
173.3 
172.8 
173.2 
175.4 
173.4 
174.8 
173.8 
172.7 
174.7 
171.9 
172.3 
175.7 
174.9 
172.6 
173.7 

(confinued) 
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Residue 

F125 
TI26 
4127 
Y 128 
W129 
SI30 
VI31 
R132 
Q133 
SI34 
K135 
R136 
PI37 
T138 
GI39 
S140 
N141 
A142 
TI43 
I144 
TI45 
F146 
TI47 
N148 
HI49 
VlSO 
N151 
A152 
W153 
K154 
s155 

Table 1. Continued 
~ 

~ 

"N ( ' H N )  I3Cn ( 'H") I3Cp ( ' H e )  

123.6  (8.16) 56.0 (4.94) 39.7  (3.00,  3.18) 
118.0 (7.48) 62.4 (4.63)  70.4  (3.76) 
122.6 (8.97)  53.0  (5.57) 31.3 (1.19) 
123.4  (8.08)  51.9  (4.90) 37.7(1.12, 1.95) 
119.1 (8.64)  56.1  (5.38) 32.5 (2.95, 3.12) 
121.4 (9.13)  58.4  (5.76)  66.7 (3.79, 4.09) 
125.6  (10.28)  61.5 (4.88) 35.1 (2.13) 
137.6 (9.07) 58.9 (3.64) 30.0  (1.95, 2.07) 
123.6  (9.06)  60.3  (3.93)  27.9  (2.03) 
107.4  (7.51)  59.2  (4.65)  71.8  (3.91) 
126.0 (8.59)  58.7  (3.41) 32.5 (1.69) 
128.1 (8.99)  55.3  (5.61)  33.0 

63.8  (4.49)  32.0  (2.43) 
115.4 (8.51) 60.7  (4.21)  70.3  (3.83) 
114.9 (9.08)  45.6  (3.74,  4.48) 
114.3  (7.47) 65.4 (4.70) 56.3  (3.74) 
123.2  (8.74)  54.6  (4.56)  37.0  (2.88,  3.05) 
131.2 (9.40) 51.0  (4.43)  21.0  (0.57) 
113.0  (7.30) 61.0 (5.13) 72.4 (3.71) 
126.4 (9.54)  61.3  (4.36)  40.9  (1.74) 
132.8 (10.58)  61.6  (4.27)  66.2 
129.5 (7.60) 60.2  (4.14)  39.3 (2.82, 3.20) 
115.6 (8.96)  61.4  (3.62)  62.4  (3.82) 
119.5 (7.25) 55.2  (4.24)  36.0  (2.19,  2.79) 
123.3  (6.70)  59.7  (3.09) 29.7 (1.40,  2.20) 
118.7 (7.17) 66.7 (2.69) 3 I .4 (0.64) 
117.7 (7.98)  56.2  (4.25) 37.7 (2.61) 
126.3 (7.36)  55.0  (4.14)  18.4  (1.33) 
123.7 (9.24)  58.6  (4.51) 27.2 (3.23,  3.34) 
123.3 (8.33) 60.6  (3.54)  32.0  (1.95) 
117.6 (7.79)  61.2  (4.16)  62.7 (3.82) 

"Chemical shifts for ' H ,  I3C, and 'N, are given in ppm. 

1 3 ~ '  

172.5 
175.7 
175.7 
173.8 
177.3 
175.0 
175.9 
177.7 
177.1 
174.4 
176.9 
175.4 
177.7 
175.3 
174. I 
173.4 
174.4 
175.9 
175.6 
175.4 
175.9 
174.6 
176.6 
178.8 
174.5 
179.6 
177.7 
181.1 
180.1 
180.2 
174.4 

The next step of the  assignment  protocol involved the use of 
three-dimensional  triple-resonance NMR experiments to provide 
scalar correlations between main-chain ' H ,  "N, and 13C nuclei 
in BCX (Ikura et al., 1990). The  HNCACB  and  CBCA(C0)NH 
experiments were  used to link sequentially  the  backbone H N  
and "N resonances of each  residue to the  I3Cn  and  I3CB reso- 
nances  from its own side chain  and  from  the side chain of the 
preceding amino acid (Fig. 2; Grzesiek & Bax, 1992; Wittekind 
& Mueller, 1993). The  HNCACB  spectrum of BCX  had  suffi- 
cient signal-to-noise  such  that  both  the  inter-  and  intraresidue 
connections between the I3C" and 13CB and  the  amide H N  of 
almost every amino acid in the protein were observed.  Addition- 
ally,  the  peaks  from  the  I3Ca  and  I3CB were differentiated 
readily by their  opposite signs. In principle, this  provided enough 
information to  assign extensively the resonances from  the  main- 
chain nuclei of BCX. Still, the  CBCA(C0)NH  spectrum, which 
contains  only  interresidue  correlations,  was  important for dis- 
tinguishing the  I3Ca  and  I3Ca resonances  of an  amino  acid  from 
those of its  preceding  neighbor,  as well as for identifying  pos- 
sible chemical  shift  degeneracies. 

One difficulty encountered with the resonance  assignments of 
BCX arose  from  the high number of glycine residues in the  pro- 

H156 
GI57 
MI58 
N159 
L160 
GI61 
S162 
N163 
W  I64 
A165 
Y 166 
Q167 
V168 
M  I69 
A170 
TI71 
E172 
GI73 
Y I74 
Q175 
S176 
SI77 
GI78 
SI79 
S180 
N181 
V182 
TI83 
VI84 
W185 

119.7 (7.53) 
108.9 (7.85) 
123.0 (7.81) 
120.9 (8.08) 
129.9 (9.14) 
106.8 (7.08) 
110.6  (7.46) 
122.5 (7.75) 
129.4 (9.08) 
128.2 (7.36) 
117.0 (6.12) 
124.1 (8.61) 
120.9 (9.99) 
124.1 (8.52) 
135.8  (9.83) 
115.5 (9.14) 
127.3 (8.69) 
110.0 (6.01) 
118.5 (7.03) 
124.4 (7.62) 
112.3 (7.63) 
112.3 (7.58) 
108.7 (7.54) 
113.3 (6.30) 
117.6 (9.50) 
126.6  (9.16) 
126.8 (8.60) 
124.0 (8.54) 
130.1 (8.52) 
133.9  (9.51) 

55.6  (4.74)  28.9  (2.78, 3.40) 
46.2  (3.79,  4.00) 
54.2 (3.95) 32.7 (1.49,  1.62) 
53.2  (4.66) 39.8 (2.65) 
54.5 (4.18)  43.3  (1.77,  1.87) 
45.5  (3.52, 4.14) 
58.7  (4.35)  64.6 (3.91, 4.03) 
51.8  (5.10) 40.2 (2.50) 
59.9  (3.85) 29.5  (3.06,  3.20) 
49.9  (4.78) 18.0  (1.06) 
57.9 (4.41) 38.4  (1.95,  2.37) 
55.3  (4.99) 34.9 

54.9  (5.37)  32.1 ( I  .47,  2.43) 
59.2 (4.89) 36.8  (1.66) 

52.3  (5.25) 23.4(1.12) 
62.6  (4.94)  72.0 (4.03) 
52.8  (4.46) 31 .E (2.28) 
44.5  (2.93,  4.39) 
56.7 (5.00)  40.4  (2.52,  2.83) 
56.5 (4.44)  25.9 ( I  .63) 
56.4 (5.24)  68.3  (4.23) 
56.4 (4.67)  67.1  (3.53,  3.97) 
44.8  (2.70,  3.23) 
57.6 (5.31) 66.8  (3.53,  3.97) 
56.9  (5.07)  67.2  (4.67) 
55.1 (5.04)  41.1  (2.61,  2.79) 
61.1  (4.91)  36.2 ( I  .66) 
62.2  (5.10) 70.7 (4.24) 
62.0  (5.08)  35.6  (2.07) 
60.1  (4.88) 30.2 

174.5 
173.8 
173.5 
176.8 
176.3 
172.4 
174.8 
174.3 
175.4 
175.4 
175.5 
174.4 
173.3 
175.7 
176.2 
172.4 
174.0 
171.3 
174.2 
176.2 
171.8 
170.7 
170.7 
172.6 
172.8 
173.9 
174.3 
173.1 
174.3 

tein. This was compounded by the  fact  that several of  these res- 
idues  were either  adjacent or separated by a single amino acid 
in the  sequence of the  protein.  At  each of the 25 Gly  residues, 
the sequential  assignments from  the  HNCACB experiment were 
based  only  on  the 13C0 resonances,  for which there was often 
significant chemical shift  overlap.  Therefore,  the  assignment 
protocol relied heavily on  the  CBCA(C0)NH  experiment to 
identify the I3C" and  I3C8 resonances of the residues preceding 
glycines  in BCX. In the cases  where this  information was still 
insufficient  to assign unambiguously  the glycine spin  systems, 
the  proton chemical  shifts obtained  from  the  CBCACO(CA)HA, 
H(CCO)NH,  and  HSQC-TOCSY  experiments were also  used. 

Using the  powerful  HNCACB  and  CBCA(C0)NH experi- 
ments, in combination with selective isotope  labeling, we were 
able  to assign  specifically all  the  main-chain H N ,  I5N, I3Col, 
and  l3CS  resonances of this 20.4-kDa protein, with the excep- 
tion of the  two  amino  terminal  residues,  Ala 1 and  Ser 2. The 
I3C" and  I3Cp resonances  of Ser 2 were identified from  the cor- 
relations with the  amide of Thr 3. The  amide 15NH  resonances 
of  this  residue were not  observed in the  spectra of BCX,  thus 
precluding  the  assignment of the  carbon  resonances of Ala 1. 
Line broadening  due  to  conformational averaging of this region 
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Fig. 2. Assignment of the  main-chain  resonances of BCX using  the  HNCACB  and  CBCA(C0)NH  experiments.  The  spectra 
are  presented  as  pairs  of  strip  plots  taken  from  the  'H-13C (w3-wl)  planes of the  three-dimensional  HNCACB  (right)  and 
CBCA(C0)NH  (left)  data  sets  at  the I5N frequencies of the  indicated  residues. Cross peaks in the  HNCACB  strips  arising  from 
intraresidue  correlations to '3C"  and I3CB  nuclei are labeled 01 and 8. respectively. Cross peaks  to  the  I3C0  are  inverted  rela- 
tive to  those to the 13Cfr in the  HNCACB,  but  are  plotted  without  distinction of sign (Wittekind & Mueller, 1993). As exem- 
plified  with  Tyr 166, the  HNCACB  provides  correlations  between  the H N  and  l5N of residue i (Y166) and  the I3C" and I3Cli 
of both residues i ( Y  166) and i - I (A165), whereas the  CBCA(C0)NH provides only  the  interresidue  connections to i - 1 (A165). 

of BCX or base-catalyzed  hydrogen  exchange  accelerated by the 
adjacent positively charged amino terminus (Bai et al., 1993) are 
possible reasons  for  the  absence of detectable  amide resonances 
from Ser 2. However, rapid amide hydrogen  exchange is not ex- 
pected  to  cause  significant line broadening  at  pH 5.8, because 
the  water  magnetization is only minimally perturbed in the ex- 
periments  employing pulsed  field gradients  and selective  "flip- 
back" pulses  (Grzesiek & Bax, 1993). 

Once  the  backbone  amide  assignments were completed,  the 
carbonyl  C' resonances were identified in a straightforward fash- 
ion in the  HNCO  experiment.  This  correlates  the H N  and I5N 
of a non-proline  residue  to  the  I3C' of its preceding neighbor 
(Ikura et al., 1990). The H" resonances were then  identified 
using the  CBCACO(CA)HA  experiment, which links the  H", 
C',  and  13C"/13CB  resonances  of  each  non-glycine  residue 
(Kay, 1993). Figure 3 exemplifies  the excellent dispersion seen 
also  for  the  H"  and  C'  resonances in BCX.  The glycine signals 
were not  detected in this  experiment  due  to  the  optimization of 
a refocused  INEPT  module within the pulse sequence  for  AX 
spin  systems. This  CBCACO(CA)HA experiment  was  also used 
to assign the I3C' resonances of the residues preceding  the six 
prolines  in  BCX  that  obviously lack H N  protons  required  for 
detection in the  HNCO  experiment.  The  combination  of  the 
HNCO  and  CBCACO(CA)HA  experiments  also  provided  an 
independent  two-step  pathway  from  the H N  and I5N resonances 
of  a residue to  the  I3C'  of its preceding  neighbor  and  then  to 

the I3C" and  I3Cb of that  residue.  This was useful  to  con- 
firm  the  assignments  deduced initially from  the  HNCACB  and 
CBCA(C0)NH  experiments. 

Finally,  the  assignments  of  the side-chain protons in BCX 
were obtained with the  H(CC0)NH  and  HSQC-TOCSY exper- 
iments  recorded with '5N/'3C-labeled BCX and I5N-labeled 
BCX, respectively. The  H(CC0)NH correlates the HN  and  15N 
resonances  of a residue with the  proton  resonances of the pre- 
ceding amino  acid,  obtained via transfer of magnetization  along 
its I3C  aliphatic side chain (Grzesiek et  al., 1993). The simpler 
HSQC-TOCSY  shows  only  intraresidue  proton-proton  corre- 
lations, resolved by the  amide "N shift. Similar proton assign- 
ments  can be obtained  from the HCCH-TOCSY experiment, yet 
this former  approach  has  the distinct advantage  of  spectral res- 
olution  based  on  the  amide H N  and 15N shifts  of a protein. 
Using the  H(CC0)NH  and HSQC-TOCSY  spectra, we confirmed 
the  H"  assignments of BCX  and  identified  the H@  and  addi- 
tional  side-chains  resonances  of  this  protein.  This was particu- 
larly important  for  the 24 glycine residues for which Ha signals 
could  not  be  identified by the  CBCACO(CA)HA  experiment. 
The  complementary  H(CC0)NH  and  HSQC-TOCSY experi- 
ments were useful to  resolve ambiguities in the limited number 
of cases of residues  with overlapping 15N and H N  chemical 
shifts.  In  addition,  this  provided yet a third  method  to  confirm 
the  sequential  assignments of  BCX. We have not  completed  the 
assignments  of  the  remaining side-chain  I3C  resonances at this 
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Fig. 3. The w3-w2 face of the  CBCACO(CA)HA  spectrum  of  BCX,  showing  the  excellent  dispersion  resulting  from  the  intra- 
residue H" and  I3C'  correlations.  Data  were  recorded in a  two-dimensional  mode  and  a  first-order  phase  shift was applied  to 
the  interferogram  before  Fourier  transformation  to  shift  the  center of the  spectrum  for  clearer  presentation  (Kay, 1993). The 
two  peaks  marked by an asterisk (*) are aliased  and  inverted in the  I3C'  dimension. 

stage of the  analysis, yet  it would be straightforward using the 
C(C0)HN or HCCH-TOCSY  experiments (Grzesiek  et al., 
1993). 

Side-chain I5NH assignments 

In  addition  to  the  backbone  amides,  the  'H-I5N  HSQC spec- 
trum of  BCX contains peaks from  the  primary amides  of aspar- 
agine  and  glutamine,  the  indole rings of  tryptophans,  and  the 
side chains of arginine  and histidine. Although  primary  amides 
can  be assigned  readily using  the  HNCACB  experiment  pub- 
lished originally  (Wittekind & Mueller, 1993), they  are  not  de- 
tected in the  modified  sensitivity-enhanced  gradient version of 
the  experiment  due  to  its  optimization  for  AX  spin systems. 
Therefore, we did  not  complete  the  assignment  of  the  aspara- 
gine and  glutamine  side-chain  amides of BCX  at  this  stage  of 
the  analysis.  At  pH  5.8, five of  the seven arginine  "N'H  groups 
were detected in the  HSQC  spectrum of the  BCX,  whereas  at 
pH 4, all seven were observed (not  shown).  The  arginine I5N'H 
groups were not assigned in  this study.  The imidazole  side  chain 

of  His 149 is entirely buried within BCX, existing  in the  neutral 
N"H tautomeric  form  at all pH's  under which the  protein is 
folded  (L.A.  Plesniak, W.W. Wakarchuk, & L.P. McIntosh, in 
prep.).  The  "N"H  group  of  this  histidine  does  not  undergo 
fast  exchange with water and is observed in the  HSQC  spectrum 
of  BCX  at 168.2 ppm  and  12.2  ppm.  In  contrast,  His 156 is ex- 
posed to  the solvent and  thus  the  nitrogen-bound  protons  are 
not  observable. 

The "N"H groups of the 11 tryptophan indole  rings  in BCX 
are clearly  resolved in the  HSQC  spectrum  shown in Figure 1 .  
Because tryptophans  are unusually abundant in  this protein  and 
play an  important  role in xylan recognition  (Wakarchuk et al., 
1994a), we were particularly  interested in completing  their as- 
signments.  In  previous  protein  NMR  studies, these indole res- 
onances  have  been  assigned  based  on  NOE  correlations 
(Wuthrich, 1986). To avoid possible  ambiguities  associated with 
this approach, we used the  (Hp)C@(CyCS)HS experiment to link 
the H*' of  the  tryptophan rings in  uniformly  '3C/'5N-labeled 
BCX  to  their  corresponding 13Cp  via scalar  couplings  (Fig.  4; 
Yamazaki et al., 1993). From  the  main-chain  assignments dis- 
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Fig. 4. A portion  of  the  (HP)CP(CyCG)H6  spectrum of BCX showing  correlations between the I3Cp and H*’ or H** resonances 
of the I 1  tryptophan  and 2 histidine  side  chains,  respectively.  Only  eight  tryptophan  cross  peaks  are  specifically  assigned.  Cor- 
relations  for  the  tyrosine  and  phenylalanine  residues  occur  downfield in the I3Cli dimension  and  are  not  shown. 

cussed above,  this  provided  immediately  the  identification  of 
eight tryptophan  H6’  resonances,  as well as  the H62 resonances 
of  His 149 and 156. Unfortunately,  the 13CB of  Trp  6, 30, and 
42, as well as  two  of  the  three  H6”s  of these residues, were 
nearly degenerate,  thus precluding  their  assignment  based upon 
this  data  alone.  The H6”s were then  linked to  the  neighboring 
”N-bonded Heirs  using the ”N-resolved TOCSY-HSQC spec- 
t rum of uniformly  ”N-labeled  BCX.  The  assignments were 
further  supported  using  the  HMQC-J  experiment reprocessed 
with 90”  zero-order  phase  shifts in wl and w2 to  yield the  two- 
dimensional HMQC-COSY spectrum  (Foreman-Kay et al., 1990). 
In this  latter  spectrum,  the H*’ resonances  are resolved by  the 
corresponding 15N‘ I shift  of  the  tryptophan  ring.  Lastly,  the 
I3C6’  resonances of the  tryptophans were identified  readily 
from a constant-time  ’H-I3C  HSQC  spectrum  of  BCX  due to 
their  inverted sign relative to  most  peaks from  the  aromatic  car- 
bons with two  carbon  neighbors  (not  shown;  Santoro & King, 
1992). The  resulting  assignments of  eight tryptophan residues 
are  summarized in Table 2 and Figures 1 and 4. 

Secondary structure analysis 

The  secondary  structure  of  BCX is composed of 14 @-strands 
and a  single cr-helix. These  structural elements were determined 
based on a consensus  of  four  NMR  approaches,  as  summarized 
in Figures 5 ,  6,  and 7 .  

Secondary chemical shifts 

A well-established correlation exists between secondary  struc- 
ture  and  the  deviations of the H a ,  I3Ca,  13CB,  and  I3C’ chem- 
ical shifts of an  amino  acid in folded  protein  from its random 
coil values (Spera & Bax, 1991; Wishart et al., 1992; Wishart & 
Sykes, 1994). Residues in  @-strands  show positive (downfield) 
H“ and l3CS and negative (upfield) I3Ca and I3C’ structure- 
dependent chemical shift  deviations  (“secondary  shifts”), whereas 
those in a-helices  show the opposite pattern, albeit with less pro- 
nounced 13CB shifts. 

To identify  a-helices and  @-strands,  the  H”,  I3Ca,  I3CB,  and 
I3C’ chemical shifts were examined in two ways. First,  the sec- 
ondary  shifts  of  each  residue were calculated  as  the  differences 
between the  observed  chemical  shifts  from  the  corresponding 
“random  coil” values (Fig. 5 ;  Wishart  et  al., 1992; Wishart & 
Sykes, 1994). Information  regarding  the  secondary  structure of 
BCX was then  deduced  manually from the  observed patterns of 
secondary  shifts, using the above-stated  criteria. This interactive 
approach was  particularly important when  deviations from reg- 
ular  patterns of secondary  shifts were  observed due  to @-bulges 
(e.g.,  Ala 55  or Tyr 166) or a t  sites where  the  pairings between 
&strands  change  (e.g., Leu 68). 

Second,  these  data were treated using the  chemical  shift in- 
dex  algorithm  developed  by  Wishart  and Sykes (1994). This 
computerized  method involves  assigning a ternary index  of + I ,  
0, or - 1  for the  H“,  I3Ca,  13Cp,  and  I3C’ of each  residue 
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Table 2. Assignment of the tryptophan side-chain resonances of Bacillus  circulans xylanase 

1 3 ~ 1 3  I H61 13c61 

.. . ~~ 

!He' lSN.1 

Tryptophana (ppm)b (ppm)'  (ppm)* (ppm)' (ppm)' 

31.5 7.27  127.3 10.02 132.2 
58 31.0 7.30 128.1 8.99 127.4 
71 35.4 5.56  126.2 8.89 130.8 
85 29.4 6.86  127.5 10.41 133.3 

129 32.5 6.65 125.1 9.82 133.7 
153 27.2 6.47  122.4 9.62 127.5 
I64 29.5 7.14 126.1 9.77 130.9 
185 30.2 7.17  127.8 10.07 131.3  

_ _ _ ~ ~ .  ~ 

9 
- ~- - _ _ _ _ ~ ~ ~  

a Tryptophans 6, 30, and 42 were  not  assigned due to spectral overlap. These  three tryptophans have 
15N"-H'l peaks at (132.9 pprn, 10.22 ppm), (131.3,  9.55), and (129.7,  10.08), and 13C6'-H6' peaks at 
(130.8,  7.33).  (127.9,  6.99), and (126.9,  7.32). 

Taken from Table 1 .  
Taken  from  the (HP)CP(CyCS)HS spectrum presented in Figure 4.  

!3Cbl-H61 wh' 
dThe I3CS' assignments are from a 'H-13C  CT-HSQC spectrum of the aromatic region  of BCX. The 

, Ich have  only  one  neighboring I3C, were  readily identified by their inverted sign relative to 
the majority of aromatic carbons with an even  number  of I3C neighbors (not shown). 

Taken  from the 'H-15N  HSQC spectrum of BCX presented in Figure 1 .  

based upon  the observed secondary shifts.  Next, for  each of the 
four  individual  chemical  shift  parameters, a residue is assigned 
as being in a  helix, strand, or coil using  empirical  rules  regard- 
ing the  patterns  of  neighboring  group  secondary  shifts. Finally, 
a consensus  secondary  structure is reported  as a direct  average 
of  the  secondary  structures  deduced  from  the  analyses of the 
H", I3C" , I3C0, and  I3C'  chemical  shifts  for  each  individual 
residue.  The  secondary  shift  thresholds used to assign the  ter- 
nary  indices  are relatively narrow  (e.g., k0.5 ppm  for I3Ca or 
13Cp) and  thus it was important  to  include a correction  term of 
+0.15 ppm  to  account  for  the difference between DSS and TSP 
as a I3C reference. Using this  automated  approach, we found 
only -70% agreement  with  the  secondary  structure  (helix, 
strand, or coil)  deduced  from a combined  approach of  chemi- 
cal  shift, J coupling,  NOE,  and  amide  hydrogen  exchange  in- 
formation  (Fig. 5 ) .  

Obvious errors arising from  the  automated CSI algorithm, in- 
cluding the  omission  of  0-strand I. 1 and  part of strand 1.3, and 
the  assignment  of  Ser 22-Gly 23 and  Arg 132-Lys 135 to heli- 
cal  conformations.  These  latter  residues  comprise a &turn in 
sheet I and  an  irregular or coil region, respectively. These dis- 
crepancies  arose  in  part  from  defining  the  consensus  structure 
as a direct  average of the  structures assigned first by the  indi- 
vidual  secondary chemical shifts.  This  resulted,  for  example, in 
the  prediction of  a two-residue helix formed by Ser 22-Gly 23. 
As  an  alternate  tact, we determined a consensus CSI structure 
by first  averaging  the  ternary indices defined  for  each  of  H", 
13Ca, 13Ci3, and  I3C',  followed by assignment  of  the  structure 
type  based on  the  neighbor rules outlined by Wishart  and Sykes 
(1994). An  improved  agreement of -80% between the  CSI pre- 
diction and  the  secondary  structure of BCX defined by all NMR 
methods was observed using this  modified  algorithm  (Fig. 5 ) .  
Importantly,  only a single helical region was identified  correctly 
in BCX,  and residues 15-19 were  classified as  @-strand 1.1. 

Overall, the  two algorithms for defining the secondary structure 
of  BCX  using a consensus of chemical  shift  information were 
in agreement,  differing  mainly at  the  boundaries of the  0-strands 
and  whelix. Only one small three-residue 0-strand, 11.4, was not 

detected by either CSI method, whereas strands 11.2 and 1.1 were 
identified  only by the first or second algorithm, respectively. In- 
terestingly, BCX is rich in 0-sheet  structure, yet the  CSI  ap- 
proach was overly conservative in assigning residues, particularly 
in the  N-terminal  portion of the  protein,  to this type of second- 
ary  structure.  This  may reflect subtle  effects  due  to  the  unusu- 
ally flat  nature of sheets I and I1 (Campbell et al., 1993), or to 
the sensitivity of  chemical shifts  to  additional  structural  features 
including bulges and  strand  cross-overs. 

'JNH."" scalar coupling 

The  secondary  structures of proteins  are  characterized by reg- 
ular  patterns of backbone  dihedral  angles,  and  therefore by 
regular  patterns of &dependent 3 J ~ ~ . ~ a  coupling  constants. 
Specifically,  residues  in  helical conformations have 3 J ~ ~ . ~ m  
couplings  on  the  order  of 4-6 Hz, whereas those in extended 
conformations  show  couplings  larger  than 7 Hz  (Wiithrich, 
1986). Using the  HMQC-J experiment, we were able  to measure 
quantitatively 3 J ~ ~ . ~ a  couplings greater than 5.6 Hz  for 103 non- 
glycine  residues  in BCX  (Fig. 5 ) .  Due to  the  apparent  'H-I'N 
multiple  quantum line widths  of -10 Hz  for  this  protein,  no 
splitting in wl was observed  for  an  additional 24 residues,  for 
which we have conservatively  assigned 3 J ~ ~ . ~ c ,  < 6.  Coupling 
information  was  not  determined  for  the  remainder  of  the  pro- 
tein,  due  either  to  spectral  overlap or low signal-to-noise,  pos- 
sibly resulting  from  solvent  suppression by presaturation. 

Quantitatively,  the  measured 3 J ~ ~ . " a  coupling  constants 
agreed well with  those  calculated  from  the  crystallographically 
determined I$ dihedral  angles  of  BCX using the Karplus equation 
parameterized  as 'J = 6.51 cos2(+"00) - 1.76cos(Q-6Oo) + 
1.60 (Vuister & Bax, 1993). This  comparison  includes  three of 
the six non-glycine residues (Ser 74,  Asn 114, and  Asp 121) with 
C$ angles  between +40° and  +60°.  The  average  difference be- 
tween the  observed  and  calculated 3 J ~ ~ . ~ a  values is -0.7 Hz 
with a standard  deviation  of 1 Hz.  This  difference  may reflect 
a systematic  error  in  the  correction  of  the  observed  peak split- 
tings  in the  HMQC-J  experiment necessary to  obtain  the  actual 
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Fig. 5.  Summary of the  NMR  evidence used to derive  the  secondary  structure  of  BCX.  Locations of the  0-strands  and  the 
a-helix  are  marked by solid  arrows  and  a  coil,  respectively.  HX:  Amide  hydrogen-deuterium  exchange  measured  after  transfer 
of  the  protein  to D 2 0  buffer at  pH* 6.1 and 30 "C. Filled  circles  indicate  slow  amide  exchange (7 > 5 0 0  min),  half-filled  circles 
indicate  intermediate  exchange (7 - 300 min),  and  open  circles  indicate  that  the  "NH of the residue  was  observed  only  in  the 
first HSQC  spectrum  recorded  after  transfer  to D 2 0  buffer  and  thus  the  exchange  rate  could  not  be  accurately  measured (7 - 
30 min).  An  asterisk (*) indicates  fast  exchange ( T  < 30 min)  and  a  blank  denotes  residues  for which spectral  overlap  precluded 
measurement of the  exchange  kinetics. J:  Backbone 3 J ~ ~ . ~ a  coupling  constants  measured  using  the  HMQC-J  experiment.  The 
coupling  constants in Hz  are  rounded  to  the  nearest  integer,  and  two-digit  numbers  are  italicized.  Amides  with  3JNH.Hcr < 6 Hz 
are  marked by (*). CSI: The  locations  of  residues  assigned  to  0-stands  and cy-helices according  to  the  chemical  shift  index  are 
shown  by  a  box  above or below  the  horizontal  line, respectively (Wishart & Sykes, 1994). Downward-left  hatching  denotes  the 
structure  taken  as  a  consensus  after  the  complete CSI analysis for  each  individual  chemical  shift  parameter  (according  to  the 
published  algorithm),  whereas  downward-right  hatching  denotes  the  secondary  structure  identified  after  averaging of the  four 
chemical  shift  indices  for  each  residue (see the Results). H":  The  H" chemical shifts  are  presented in the  form  of  a  ternary  chem- 

and 0 indicates that  the  difference  in  chemical shifts lies within  these  ranges (Wishart  et  al., 1992). The  average H"  shift was 
ical  shift  index, where + 1 indicates  that (Bobs - Brandom coil) > + O .  1 ppm, - 1 indicates  that (Bobs - Brandom < -0.1 ppm, 

used for  the  glycine  residues.  The  main-chain I3C", 13Cu,  and I3C' chemical  shifts are  plotted  as  the  difference  in  ppm  from 
the  corresponding  random  coil  values (Bobs - Brandom tabulated  by  Wishart  and  Sykes (1994). The small  difference  due  to 
the use of DSS as  the I3C shift  reference  for  the BCX data  as  compared  to  TSP  for  the  random  coil  chemical  shifts was ne- 
glected for this  figure,  but  included  in  the CSI analysis (Bohr,DSS + 0.15 ppm = B o b s , T S P ) .  

3JNH.Hc, coupling constants (Kay & Bax, 1990). However, we pling constants. The largest deviations were observed for Tyr 5 
did not investigate this further  by using alternative approaches, (-2.5 Hz), Trp 6 (-1.9), Trp 9 (-1.5), Thr  10 (-1.6), Val  19 
such as the HNHA (Vuister & Bax, 1993) or HSQC-J experi- (-1.6), Tyr 26 ( - l S ) ,  Ser  27 (-2.3), Trp 58 (-2.1), Asn 61 
ments (Billeter et al., 1992), to re-measure these vicinal cou- (-1.6),Asp83  (-2.1), Ser 100(-1.6),Thr  110(-1.5),Asp 119 
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Fig. 6 .  Schematic  representation  of  the  three  P-sheets  identified in BCX. A: Sheet I .  B: Sheet 11. C: Sheet 111. The NOES be- 
tween HN and H“ observed  in  the NOESY-HSQC spectrum  are  indicated  by  arrows.  The  amide  protons with slow or intermedi- 
ate  hydrogen-deuterium  exchange  kinetics  are  boxed,  those  observed  only in the first HSQC spectrum  recorded  after  exchange 
into D 2 0  (7 - 30 min)  are  circled.  Gly 56 and  Tyr 166 form P-bulges  and  are  indicated  by  the zig-zag lines  between  Ala 55 and 
Val 57 and A165 and 4167, respectively. 
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Fig. 7. Topology of BCX determined by N M R .  The  shaded  arrows  rep- 
resent P-strands  and  the  cylinder  denotes  the a-helix. The  three  P-sheets 
are defined  as I ,  11. and 111, and  the  individual  strands within each  sheet 
are numbered  according to their order in the  sequence of the protein. 
The  arrows  and box are scaled  approximately  according  to  the  number 
of residues in each &strand  or a-helix, respectively,  and  the  arrows are 
aligned  according to their  pairings in the  &sheets. 

(+2.7), Ser 162 ( - l . 5 ) ,  and  Ser 177 ( -1.5 Hz).  The first four 
of these residues lie in the N-terminal 0-strand (11.1) on  the edge 
of sheet I 1  of BCX, whereas  residues 19, 26,27,  58,61, and 177 
lie across sheet 1, and residues 100, 119, and 162 occur in loop 
regions  linking  several P-strands in sheet I I I  (Fig. 6). I t  is pos- 
sible that these  larger deviations between the  observed  and cal- 
culated 3JNH.Hn coupling  constants reflect small structural  or 
dynamic  differences between  BCX in solution  and in the crys- 
talline state. 

Qualitatively,  the  patterns  of 3 J ~ ~ . ~ c r  coupling  constants  fa- 
cilitated  the  identification of the 14 &strands  and  one  a-helix 
in BCX.  Except for  Tyr 26, Val 82, and  Gln 167, all  residues 
identified in P-strands had  measurable couplings 2 7  Hz. In con- 
trast, with the  exception  of His 149, all the residues in the sin- 
gle a-helix in  BCX (Phe 146-Ser 1 5 5 )  showed  no  measurable 
splitting in the  HMQC-J spectra and  thus have 3JNH.Hn < 6 Hz. 
Furthermore,  the  ends  of  the  &strands  and  a-helix were  gen- 
erally identified based upon  distinct  changes in the  patterns of 
backbone  coupling  constants. 

I I29 

Sequential  and  short-range NOE correlations 

Regular  a-helical,  parallel,  and  antiparallel &sheets and  turns 
show  characteristic  NOE  patterns between H N ,  H",  and  H" 
protons  (Wuthrich, 1986; Englander & Wand, 1987). For exam- 
ple,  residues in the  extended  conformations, such as  &strands, 
are  identified by relatively intense H:-Hy+, NOEs  and  the  ab- 
sence of sequential Hy--Hy+, NOEs.  Xylanase is almost entirely 
composed  of @sheet structures,  and therefore strong  NOE con- 
nectivities  between HY and HY+l were ubiquitous in its  three- 
dimensional  'H-"N  NOESY-HSQC  spectrum.  Indeed, with 
the exception of the  a-helical region, the interresidue H:'-Hy+, 
NOE was generally one  of  the strongest  crosspeaks  observed for 
each residue in this  protein. In contrast,  for residues 146-155 
in the  a-helix,  the  Hy-Hy+l  NOEs were weak, whereas the  di- 
agnostic Hy--H:+, NOEs were uniformly observed (data not 
shown). In all  cases, the observed NOEs used to  define  the sec- 
ondary  structure of BCX were consistent with interproton dis- 
tances  defined by the  crystal  structure of this  protein. 

A primary  criteria  for  the  identification of the  P-strands in 
BCX lay with the  pairing  of  the these strands  into parallel or 
antiparallel &sheets  using NOE  restraints  (Fig. 6). Residues 
in extended structures may  show patterns of intraresidue NOEs 
and  J-couplings similar to those  diagnostic of 0-stands.  How- 
ever,  those existing in P-sheets are  distinguished by the cross- 
strand  NOEs between main-chain H N  and H "  protons.  The 
Hy-H; NOEs, which are highly diagnostic  of  antiparallel 0- 
sheets, are not  observed in a 'H-"N  NOESY-HSQC  spectrum. 
Thus, we relied on  the  observation of HY-H? and Hy-H;' 
NOEs  to  identify  the P-sheets in BCX. Based on 74 interstrand 
NOEs, we identified 14 0-strands in BCX, associated to form 
a  network of three  major /3-sheets. Two  strands (111.2 and 111.5) 
are  parallel,  whereas  the  remaining  are aligned antiparallel. 

Also illustrated in Figure 6 are several  sequential H:-Hy+, 
NOEs  that served to identify  the  ends of the  &strands  and  the 
beginnings of turns  or  the  a-helix in BCX. For example, strand 
3 of sheet I ends  at Gly 62 and  strand 3 of sheet I I  begins at 
Gly 64. These two  strands  are  not  continuous, as evident by two 
sequential NOEs, H$H$ and H:l-H&, that  interrupt  the reg- 
ular  NOE  pattern  characteristic of antiparallel P-sheets. These 
two  P-strands are also paired to additional  P-strands that  are well 
separated  along  the  primary  sequence of the  protein. As a sec- 
ond  example,  the  carboxyl  terminus of strand 4 of sheet 111 is 
delineated by the  HyI4-Hyl5  NOE. 

Amide hydrogen exchange 

The  hydrogen-deuterium  exchange  rates of the  individual  am- 
ides in BCX were measured by recording a  series of 'H-''N 
HSQC  spectra  after  transfer of the  protein  into D 2 0  buffer  at 
pH* 6.1 and 30 "C. As summarized in Figure 5 ,  amides were di- 
vided into  four  categories based upon their exchange  rates. (1) 
Fifty-four  amides exchanged rapidly  and were not  detected, 
whereas (2) 27 amide  protons were observed  only in the first 
HSQC  spectrum.  The  exchange  rates of these latter  amide  pro- 
tons were estimated to be - 5  X IO-'s" (or 7 -30 min). (3) 
Five amides showed  slow yet complete exchange  over the  day 
of  the  experiment,  corresponding  to  exchange  rates of - 5  X 

s-I (or 7 -300 min) when fit  to a single exponential  decay. 
(4) Eighty-six amide  protons in BCX did  not  exchange  com- 
pletely and  thus have lifetimes longer than -500 min.  These later 
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two  groups  of slowly exchanging  amides in  BCX are  protected 
by at least 104-105 fold relative to  an  amide in an  unstructured 
polypeptide  (Bai et al., 1993). 

a-Helices  and @-sheets  in proteins  are  characterized by pat- 
terns  of  backbone  hydrogen  bonding.  Evidence  for  this  hydro- 
gen  bonding is provided by the  observation  of  significant 
protection of an amide H N  from exchange  with the solvent wa- 
ter. All the  amides  identified within the @-sheets and  a-helix of 
BCX, which were expected to  form  the hydrogen bonds diagnos- 
tic of  these secondary  structures, showed  significant protection 
( T  > 300 min)  from  hydrogen-deuterium  exchange  (Figs. 5 ,  6). 
Conversely,  the  amides on  the  ends  of  the  &strands  and  the a- 
helix, as well as  the  outside edges of the @-sheets, exchanged  rap- 
idly with the  solvent,  providing  further criteria for  defining  the 
termini of  these structural  elements. 

It is interesting that residues 165-185 all have lifetimes for  am- 
ide  hydrogen  exchange  greater  than 500 min, except for  those 
in the  break between @ strands 11.5 and 1.5. These  C-terminal 
residues form  two  @-strands  located in the  interiors  of &sheets 
I and 11, and  thus  are  strongly  protected  from  exchange  due  to 
their  involvement in stable  hydrogen  bonds.  The  extreme 
C-terminus of BCX is clearly well structured,  In  contrast,  the 
first four N-terminal residues of the  protein  are  not significantly 
protected  from  amide  hydrogen  exchange. 

&Sheet  structure of BCX 

The 14 @-strands identified in BCX were aligned based on cross- 
strand HY-H: and HY-H,” NOEs  to  form a network of three 
0-sheets  (Figs. 6, 7). We have  followed  the  nomenclature of 
Campbell et al. (1993), identifying  these  sheets  as I ,  11, and 111, 
and  their  component  strands by Arabic  numbers  according  to 
their  order within the  sequence  of  the  protein.  Sheet I is clearly 
distinct,  whereas sheets I 1  and 111 share  two  common  @-strands 
(II.5/III.6  and  11.3/III.l).  Campbell et al. (1993) describe each 
of  these long strands in the  crystal  structure of BCX  as divided 
into  two  @-strands  due to their pronounced twist near the active 
site of the  protein.  However,  based on  the  above-stated NMR 
criteria,  both  strands  appear  continuous, leading to  the  topo- 
logical description of BCX  shown in Figure  7.  An  analysis  of 
the  crystallographic  coordinates of BCX using the  secondary 
structure  algorithm DSSP supports  this  description  (Kabsch & 
Sander, 1983). Torronen  and  Rouvinen (1995) also  defined  the 
strands in the  homologous T. reesei xylanases I and I1 in this 
fashion, yet classified sheets I1 and I11 as a  single  extensive 
0-sheet.  The  variation in nomenclature simply  reflects the  dif- 
ferent  criteria used for  defining  the  structures of proteins  and 
does  not  imply  any  real  conformational  differences. 

Sheet I is composed  of five antiparallel  @-strands  (Fig.  6A). 
This sheet, which forms one face  of the BCX molecule, is largely 
amphipathic in nature.  Interestingly,  the  only  polar residues 
found within  sheet I are  asparagine,  serine,  and  threonine. A 
second notable  feature of this sheet is a 0-bulge involving Gly 56. 
The insertion  of  this  residue  was  identified readily by the change 
in the register of strands 1.3 and 1.5 with NOEs  observed be- 
tween Asn 54 and  Thr 183 and between Val 57 and  Asn 181. 
Secondary I3Ca and  I3C’  shifts  and  amide  hydrogen  exchange 
kinetics  highlight further  the  deviation  of Gly 56 from a regu- 
lar  extended  conformation  (Fig. 5 ) .  

Sheet 11, also  composed  of  five  antiparallel  &strands, is 
relatively nonpolar  due  to  an  abundance of aromatic residues 

(Fig. 6B). This  sheet  forms  one wall of  the  active  site cleft of 
the  enzyme, with the  catalytic  acid/base  Glu 172 located in 
strand 11.5 (Campbell  et  al., 1993).  A second (3-bulge, formed 
by Tyr 166,  results  in the twist of  strand 11.5 along  the active 
site as it continues  to  become 111.6. This bulge is evident  from 
the small 3JNH.Ho coupling constant, small secondary  I3Cu  and 
I3C’  shifts,  and  fast  amide  hydrogen exchange  kinetics  observed 
for  Tyr 166 (Fig. 5 ) .  

Sheet I l l  contains six @-strands, with 111.2 and 111.5 aligned 
to  form  the  only  parallel  &strands  in  BCX  (Fig.  6C).  One  edge 
of sheet 111 is nonpolar,  whereas  the  other  contains  an excess 
of  polar  threonine residues. The  nonpolar  edge, with the  cata- 
lytic nucleophile  Glu 78 in strand 111.2, contributes t o  the ac- 
tive  site  cleft, whereas  the  hydrophilic region  of the sheet lies 
along  the  surface of the  protein molecule. Based on  the crystal- 
lographic structure of BCX,  the peptide bond linking Ser 74 and 
Pro 75 in the  turn between strands 111.1 and 111.2 adopts a cis 
conformation.  Although we have not  conducted a complete 
analysis of these  residues, the identification  of  a strong  NOE be- 
tween the Ha of Pro 75 and  the  amide H N  of Ser 74 is consis- 
tent with this  conformation. 

Discussion 

At the inception of this study,  the  only  known  structure of a xy- 
lanase was that  reported  preliminarily  for  the  enzyme  from B. 
pumilis. Since  then,  the  high-resolution  crystal  structures of 
B. circulans xylanase, 7: harzianum xylanase,  and T. reesei xy- 
lanase I and 11 have  been determined. These proteins  are  homol- 
ogous in sequence and  conformation. As  described by Torronen 
et al. (1994), the general fold of the xylanases  resembles that of 
a  partially closed right-hand, with the active site “palm”  formed 
by the cleft  between the  “fingers”  and  “thumb.”  This  structure 
can be envisioned readily from  Figure 7 by folding  sheet I be- 
low sheet l l  to  form  the  “fingers”  and  sheet I11 above  sheet l l  
to  complete  the  “palm”  and  “thumb.” 

In parallel  with the crystallographic  analysis of BCX, we have 
used NMR to characterize  this  enzyme in solution. Based on 
chemical shift,  NOE,  J-coupling,  and  amide hydrogen  exchange 
data, 14 0-strands  and a single a-helix were  identified as  the sec- 
ondary  structural elements of BCX. The locations of the  strands 
and helices along  the  sequence of the  protein  agree closely with 
that observed  in the  crystal  structure  (Fig. 5 ) .  As discussed  pre- 
viously, minor  differences between the  reported  boundaries of 
the helices and  sheets  are  attributed  to  differences in the  crite- 
ria used to  define  the  secondary  structure of this  protein.  More 
importantly,  the  pairing of the 14 strands using NOE  restraints 
to  form  three @-sheets (Figs.  6, 7) corresponds exactly  with the 
topological  arrangement of these strands  found in the  crystal 
structure of  BCX. Although  not unexpected,  this  shows that the 
global  fold  of  the  protein in solution  must resemble closely that 
established  for  the  crystalline  state. 

Active  site residues 

Glutamic  acids 78 and 172,  which are  conserved  in all G family 
xylanases, have been  identified as  the  catalytic  carboxyl  groups 
in BCX.  Site-directed mutation of either  of  these  residues severely 
cripples  the  enzyme,  thus  confirming  their  intimate  roles in  ca- 
talysis (Wakarchuk et al., 1992, 1994a). Withers and co-workers 
(Miao et al., 1994) have  identified  Glu 78 as  the  nucleophile in 
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BCX using  a mechanism-based  inhibitor, 2'4"dinitrophenyl 
2-deoxy-2-chloro-@-xylobioside, that forms  a  stable covalent ad- 
duct with this  carboxyl group. Accordingly, Glu 172  is the acid- 
base  catalyst.  Similar  results were reported  for B. purnilis 
xylanase (KO et al., 1992). Consistent with  their catalytic  roles, 
the pK,'s of Glu 78 and Glu 172 are 4.6 and  6.7, respectively. 
These values  were determined by using '"C-NMR  to  monitor 
the pH  titration of BCX labeled selectively with 6-"CC-glutamic 
acid  (L.P.  McIntosh et al., in prep.; see also  Davoodi et al., 
1995). 

As illustrated in Figure 7, Glu 78 is found near the N-terminal 
end of strand 111.2 and  Glu 172 near  the  C-terminal  end of 
strand 11.5. The  folding of the @-sheets to  form  the  "palm" of 
BCX orients the  two residues on  opposite sides of the active  site 
cleft, in position to hydrolyze  the glycosidic bond of an  inter- 
vening xylan substrate.  Many  aromatic  side  chains,  including 
Trp  9,  Tyr  69,  Tyr  80,  and  Tyr 166, lie on  the  same faces of the 
@-sheets as  do  the catalytic  glutamic  acid  residues, and must also 
be exposed  within the active  site  cleft (Fig. 6). This is consistent 
with mutagenesis  studies  showing  that these groups  are  impor- 
tant  for  the activity  of BCX,  and with the  general  observation 
that  carbohydrate  binding sites are  often rich in aromatic resi- 
dues  (Vyas, 1991; Wakarchuk et al., 1994a). 

One  end of the active site of the xylanases is partially closed 
by a long extended loop (or "chord;" Torronen et al., 1994) link- 
ing @-strands 11.4 and 111.3. This  eight-residue  segment,  span- 
ning from  Tyr 87 to Tyr  94,  appears very exposed yet well-defined 
in the crystal structure of BCX.  As summarized in Figure 5 ,  the 
residues in this  loop d o  not  adopt  any  regular  secondary  struc- 
ture  and  are  not  protected significantly from  amide  hydrogen 
exchange.  However, the ' H  line widths of these amino acids are 
very similar to those from  the bulk of the protein,  indicating that 
the  loop  does not  exhibit conformational flexibility as expected 
for a  disordered segment of polypeptide  chain.  Preliminary "N 
relaxation measurements are consistent with this conclusion  (not 
shown).  These  observations suggest that  the exposed loop region 
has a  well-defined conformation in order to play an  important 
role in maintaining  the  structure of the  active site of BCX. 

Amide-arotnalic interaction 

A  second unusual  feature of the active  site of BCX involves the 
loop or "thumb"  that  joins  strands 111.4 and 111.5. This nine- 
residue segment folds back into  the active site of the protein such 
that Ile I18 contactsTrp71 in strand 111.1 of thesame@-sheet. 
The close proximity of the Ile to an  aromatic ring is evident by 
the strongly  upfield-shifted H N  (4.03 ppm)  and  Hd  (-0.34ppm) 
resonances assigned to this residue. The ring  was identified  un- 
ambiguously  as  that  of Trp 71 based on several NOES between 
the H N  of Ile 118 and  the  indole  protons  of  this  aromatic resi- 
due  and between the H" of  Trp 71 and  the  distinct  aliphatic 
side-chain protons  of Ile 118. 

Inspection  of  the  crystal  structure  of BCX  reveals that  the 
HN and H' of Ile 118 lie directly  over the  indole ring of Trp 71 
(Fig. 8). Furthermore, based on this structure,  the  distances be- 
tween the  center  of  the  six-membered  ring  of Trp 71 and  the 
amide H N  and N of Ile 118 are 3.0 and 3.8 A, respectively. To- 
gether,  the  NMR  and  crystallographic  data suggest that  an 
amide-aromatic  hydrogen  bond exists  between  these two resi- 
dues  (Levitt & Perutz, 1988). Similar examples of highly upfield- 

Fig. 8. A potential  amide-aromatic  hydrogen  bond  between  the  indole 
ring  of  Trp 81 and  the  backbone NH of Ile 118. This  close  contact  re- 
sults  in  the  strongly  upfield-shifted HN and H" resonances  of Ile 118. 
For  clarity,  only  the  bonds  linking  thecarbon  and  nitrogen  atoms of the 
side  chains  of  these  two  residues,  as well as  the  carbonyl of Ser 116, are 
shown  on  the C" trace of the  backbone of BCX.  The  figure  was  gen- 
erated  from  the  crystallographic  coordinates of R. circuluns xylanase 
(IXNB),  using  the  program  SETOR  (Evans, 1993). 

shifted H N  resonances attributed to amide-aromatic hydrogen 
bonds have been reported  for basic pancreatic trypsin inhibitor 
(Tuchsen & Woodward, 1987) and  the cellulose-binding domain 
of T. reesei cellobiohydrolase I (Kraulis et al., 1989). 

Hydrogen bonds between NH groups  and  aromatic rings were 
recognized initially from statistical analyses of protein structures 
(Burley & Petsko, 1986; Perutz et al., 1986). Theoretical  calcu- 
lations (Levitt & Perutz, 1988). further high-resolution structural 
studies of proteins  (for example,  Waksman et al., 1992), and de- 
tailed investigations  of  the  interaction  of water and  ammonia 
with benzene  (Suzuki  et al., 1992; Rodham et al., 1993), sup- 
port strongly the  occurrence of these unconventional hydrogen 
bonds.  However,  the energetic contributions  of these relatively 
weak interactions to  the stability of proteins and protein-ligand 
complexes remains  uncertain  (Jamison et al., 1995). A more re- 
cent statistical survey has  also  indicated  that  NH-aromatic hy- 
drogen  bonds  occur less frequently in proteins  than  thought 
initially (Mitchell et al., 1994). The  question  therefore arises as 
to the experimental  criteria for identifying  a  hydrogen  bond be- 
tween an  aromatic ring and  an  amide  group. 

We have  assigned the  interaction between Ile 118 and  Trp 71 
as a potential  amide-aromatic  hydrogen  bond based on  the ex- 
amination of four possible criteria, namely NMR chemical shift 
perturbations,  conformational parameters, energetic interactions 
(protection from  amide hydrogen exchange), and  structural con- 
servation.  First, relative to  the  random coil chemical shifts  tab- 
ulated by Wuthrich (1986), the H N  and H' resonances  of Ile 118 
are upfield shifted by approximately  4.2  and 2.2 ppm, respec- 
tively. Based on  the  crystallographic  coordinates  of  BCX,  the 
chemical shift  perturbations  due  to induced aromatic ring cur- 
rents  are  calculated  to  be 2.0 ppm  for  the HN of Ile 118 and 
2.7 ppm  for  the H6 (Osapay & Case, 1991). Assuming  that  the 
result for  the H' reflects the  accuracy of the  calculations  (and 
the structural  coordinates), we conclude that the observed chem- 
ical shift perturbation  of Ile 118 H N  is significantly  greater than 
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that expected solely from  the ring current of Trp 7 1. Additional 
deshielding of  the  amide  proton of  Ile 118 due  to  an  aromatic 
hydrogen  bond with the  tryptophan side chain provides a plau- 
sible explanation  for  this  discrepancy.  Second, close analysis of 
the  crystal  structure of BCX reveals that  the  amide  of Ile 118 
lies toward  the  edge  of  the  indole ring  of Trp 71 (rHN.Cv3 - - 
2.9 A versus rHN.C62 = 3.7 A) and  that  the  NH  bond is tilted 
with  respect to its normal ( 1 9 ~ . ~ . ~  = 30°,  where r is central  point 
of  the  six-membered ring). Although  not  optimal,  the  orienta- 
tion  of  the  amide  and  aromatic ring falls within the  theoretical 
range  for a favorable  electrostatic  interaction  (Levitt & Perutz, 
1988) and meets the  structural  criteria  for a hydrogen  bond  de- 
fined by Mitchell  et al. (1994). Third,  although we have  not  in- 
vestigated directly  the  energetic  contribution of the  interaction 
between Trp 71 and Ile 118 to  the stability  of BCX, we observed 
that  the  postulated  hydrogen  bond  did  not  protect  the  amide 
proton of Ile 118 from exchange with the solvent  (Fig. 5 ) .  How- 
ever,  under  the  conditions  of these measurements,  only  those 
amides  with  exchange  rates  retarded by at least 103-fold rela- 
tive to  an  unstructured  polypeptide were detected  (Bai et al., 
1993). Indeed,  one  would  not expect Ile 118 to be protected sig- 
nificantly  from  exchange because the  amide  of  this  residue is 
partially  exposed  to  the  solvent  and,  based  on  theoretical  anal- 
yses, an  amide-aromatic  hydrogen  bond is, at  best,  only half 
as  strong  as a conventional  hydrogen  bond  (Levitt & Perutz, 
1988). More  thorough  hydrogen-deuterium  exchange  studies, 
possibly combined with site-directed mutagenesis of  position  7 1, 
are  required  to  determine  the energetic  consequences of the  po- 
tential  indole-amide  hydrogen  bond in BCX. 

Finally,  alignment  of  the  sequences of 13 low molecular 
weight family 11 xylanases demonstrates  that  the tripeptides  cor- 
responding to  Tyr 69-Gly 70-Trp 71 and  Pro 116-Ser 117-Ile 118 
of  BCX  are highly conserved,  with  the  only  reported  substitu- 
tion being Val or Leu at position 118 (Wakarchuk et al., 1994a). 
Moreover,  the  aromatic-amide  interaction between Trp 7 1 and 
Ile 118 is conserved  structurally  in  the xylanases from B. circu- 
lans, T. harzianum, and T. reesei. The  loop  containing Ile 11 8 
forms  the  edge  of  the  active  site,  whereas  the  indole N'.'H  of 
Trp 71 participates in a  network  of  hydrogen bonds  that includes 
that  catalytic nucleophilic Glu 78 (Wakarchuk et al., 1994a). It 
is reasonable to  suggest that  the  conserved  interaction between 
Trp 71 and Ile 118 is energetically favorable  and plays a key role 
in establishing  the precise conformation of the active sites of  
these  xylanases,  as  required  for  the  binding  and hydrolysis of 
xylan. 

Summary 

We have  assigned the  main-chain  resonances of B. circulans xy- 
lanase  and  defined  the  secondary  structure  and @-sheet topol- 
ogy of this  protein  using  heteronuclear  NMR  experiments 
combined with  selective and  uniform  isotopic  labeling. Several 
interesting features,  such  as a potential  amide-aromatic  hydro- 
gen bond  that may contribute  to  the active site structure of BCX, 
were also  identified.  This  NMR  analysis  provides  the  founda- 
tion necessary for  on-going  analyses  of wild-type and  mutant 
B. circulans xylanases, directed both  at understanding the mech- 
anisms by which this  enzyme  binds and hydrolyzes carbohydrate 
substrates,  and  at  exploiting  its activity for  biotechnological 
applications. 

Materials and  methods 

Sample preparation 

The gene encoding  BCX  was  cloned in  a P,,, plasmid  to allow 
efficient  expression in E. coli (Sung et ai., 1993). Uniformly 
I5N-labeled protein was produced  from  the  protrophic E. coli 
594 strain  cultured in M9  minimal  media  containing 1 .O g/L of 
99%  ('5NH4)2S04  (McIntosh & Dahlquist, 1990). Uniformly 
"N- and  I3C-enriched  protein was produced  from E. coli 594 
grown in M9  minimal  media  containing 1.0 g/L  99% I5NH4C1 
and  3.0 g/L 99%  ['3C6]-glucose.  The  backbone  amides  of  the 
Tyr, Val, Gly,  Gly/Ser, or Asp/Asn  residues in BCX were se- 
lectively "N-labeled using E. coli DL39 cells,  as  described by 
McIntosh  and  Dahlquist (1990). The  proteins were purified by 
cation exchange FPLC (Sung et al., 1993), and, in several cases, 
analyzed by electrospray  mass  spectroscopy  to  evaluate  the ex- 
tent of isotopic  enrichment. 

NMR  measurements were made with  -0.8  mM protein in 
25 mM d3-acetate, 0.02% NaN,,  90%  H20/10%  D20  at  pH  5.8. 
A  single "C/"N-labeled  BCX  sample in this H 2 0  buffer was 
used for all triple-resonance NMR experiments. 

NMR spectroscopy 

Experiments were performed  at  30°C on a  Varian  Unity 500 
NMR  equipped with three  radio-frequency  channels  and a 
pulsed-field gradient  accessory.  Unless  otherwise stated, the ' H  
spectral  widths were 6,250  Hz,  with  the  transmitter set at  the 
frequency  of HzO.  The I5N spectral  widths were 1,575 Hz, cen- 
tered  at 121.4 ppm.  The  spectral  width  for  the '3C"''' dimen- 
sion was 8,050  Hz,  centered  at 43 ppm,  and  for  the  backbone 
I3C'  carbonyl  dimension, 1, I50 Hz,  centered  at  173.6  ppm. 
The  'H chemical  shifts were  referenced to water at 4.70 ppm, 
calibrated  using  an  external DSS sample  at  30°C.  The I5N 
chemical  shifts were referenced  to 2.9 M I5NH4C1 in 1 M HCI 
at 24.93 ppm (Levy & Lichter, 1979). The I3C  chemical shifts 
were referenced  to  the  methyl  carbon (0.00 ppm) of an  exter- 
nal  sample  of DSS. Spectra were  collected in the  States-TPP1 
mode with the  initial  time  point in each indirectly detected di- 
mension set exactly to  1/(2*sw),  such  that a first-order  phase 
correction of 180" is required  after  Fourier  transformation  and 
that  aliased  resonances  are  inverted relative to  the  those within 
the set spectral  widths  (Bax et al., 1991). For all experiments in 
which magnetization  was  detected on  the  amide H N ,  sensitivity- 
enhanced pulsed-field gradient  sequences were employed (Kay 
et al., 1992; Muhandiram & Kay, 1994), with selective "flip- 
back" pulses to  return  water  magnetization  to  equilibrium be- 
fore  the  acquisition of the  NMR signal  (Crzesiek & Bax, 1993; 
Kay et al., 1994; Zhang et al., 1994). The  data  from these ex- 
periments were manipulated  as  outlined by Muhandiram  and 
Kay (1994) prior to processing. 

The  NMR  data were analyzed using Felix v2.30 software 
(Biosym  Technologies;  San  Diego,  California).  Generally, a 
Lorenztian-to-Gaussian  transformation was applied in the  di- 
rectly detected 'H  dimension with  -6 Hz line broadening  and 
a maximum  at  0.2 of the  acquisition  time.  The  residual signal 
from  water was eliminated using a digital filter applied in the 
time  domain  (Marion  et  al., 1989). The indirectly detected di- 
mensions were  processed  using squared sine  bell apodization 
shifted by 70". In  dimensions where the  data were  collected in 
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a  constant  time  mode,  mirror  image  linear  prediction  (Zhu & 
Bax, 1992) was used to  double  the  number of data points. Other- 
wise, linear  prediction  was used to  extend  the  number  of  data 
points in the  interferogram by approximately 30%. 

Resonance  assignments 

The assignment of the  backbone  13Ca, 13CLI, "N,  and H N  res- 
onances were completed  using sensitivity-enhanced  versions of 
the  three-dimensional  HNCACB  (Wittekind & Mueller, 1993) 
and  CBCA(C0)NH (Grzesiek & Bax, 1992; Muhandiram & 
Kay, 1994) experiments.  The  HNCACB was acquired with 512, 
39, and 45 complex  points in t3 ( 'H), t2 ("N, constant  time), 
and t 1 ( '3Ca9B),  respectively. The  CBCA(C0)NH  experiment 
was  collected  with 512, 39, and 53 complex  points in t3 ( 'H), 
t2  ("N,  constant  time),  and t l  (13CasB,  constant time), respec- 
tively. For  the  assignment of the  backbone  carbonyl  I3C'  and 
Ha,  and  confirmation  of  I3Ca  and  I3C8  assignments,  the 
CBCACO(CA)HA (Kay, 1993) and sensitivity-enhanced HNCO 
(Ikura et al., 1990; Muhandiram  &Kay, 1994; Kay et al., 1994) 
experiments were used. The  HNCO experiment was collected as 
512, 39, and 45 complex  data  points in t3 ( 'H) ,  t2 ("N,  con- 
stant time), and t l  (I3C'), respectively. The  CBCACO(CA)HA 
experiment  was  recorded  as 512,64, and 56 complex data  points 
in t3 ( 'H) ,  t2 (I3C'),  and t l  ( I 3 C a , ~ ,  constant  time), respec- 
tively. For each of these four experiments, the final transformed 
data sets  were 256, 128, and 128 real  points in w3,  w2, and wl, 
respectively. The  region  upfield of the H 2 0  in w3 was dis- 
carded.  However,  because  the H N  of Ile 118 in BCX  resonates 
at 4.03 ppm,  the  data were  reprocessed separately  to  retain  a 
small  region in w3 surrounding  this  peak. 

To assign the side-chain proton  resonances  and  to  measure 
NOES  to  amide  HN,  sensitivity-enhanced  versions  of  the 
H(CC0)NH (Grzesiek et al., 1993) and  the  TOCSY-HSQC  and 
NOESY-HSQC (Fesik & Zuiderweg, 1990; Zhang et al., 1994) 
experiments were recorded with the  samples  of  '3C/15N-  and 
"N-labeled BCX, respectively. The  H(CC0)NH  spectrum was 
measured using 512, 39, and 64 complex  data  points in t3 
(HN),  t2 ("N, constant time), and tl(H), respectively, yielding 
a final transformed  matrix  of 256,  128, and 256 real points. The 
I3C DIPS1 mixing time was 12.6 ms  at  a field strength of 8.6 
kHz.  The spectral  width  in wl ' H  dimension was 3,750 Hz,  and 
thus  the  spectrum was shifted  upfield by 2,080 Hz  to  encompass 
the  side-chain  protons by applying a first-order  phase  correc- 
tion to  the  interferogram  before  Fourier  transformation  (Kay 
et al., 1989). The  HSQC-TOCSY was acquired with a 55-ms ' H  
DIPS1 mixing time  and 512, 64, and 128 complex  data  points 
in t3 (HN),  t2  (I5H),  and t l  (H), respectively. The  NOESY- 
HSQC was recorded  with  a 125-ms mixing period  and 512,64, 
and 160 complex  data  points in t3 (HN),  t " H ) ,  and t l  (H). 
Both  data  sets were processed  to 256, 128, and 512 real points 
in w3,  w2, and wl, respectively. 

The H" and  H62  of  the  tryptophan  and  histidine  rings, re- 
spectively,  were linked to  their  corresponding  I3C8 using the 
(HP)CP(CyCS)HS experiment (Yamazaki et al., 1993). The two- 
dimensional  spectrum was recorded  for  the  '3C/'5N-enriched 
BCX with 512 and 32 complex  points in t2 (H6)  and t l  (13CB, 
constant  time),  and  processed  to 1,024 and 256 real points, re- 
spectively. The  'H-I3C  HSQC  spectrum  of  the labeled protein 
was recorded with a total  constant  time delay of 16.7 ms, based 
on a  'Jcc - 60 Hz  for  aromatic  carbons  (Santoro & King, 

1992) and using  pulsed-field gradients  only  to  suppress  the sig- 
nal  from water (Wider & Wiithrich, 1993). With this  timing  de- 
lay,  the signals from  the  I3C  with a single I3C  neighbor  are 
inverted relative to  those  bonded  to  an even number  of  I3C 
nuclei. 

3JHN.Hm Coupling constants 

The  3JHN-Hn  coupling  constants were measured  using  the 
HMQC-J  experiment  (Kay  et  al., 1989; Kay & Bax, 1990). The 
spectrum was acquired  with a sample  of "N-labeled BCX  as 
2,048 and 350 complex  points in t2 (HN)  and t l  (I5N), respec- 
tively, giving a  total acquisition time of 0.222 ms in t 1. The  data 
were  processed  using Lorentzian-to-Gaussian  transformations 
with  line broadening  of -5 ,  -10, or -15 Hz  and  an  apodiza- 
tion  maximum  at 0.5 of  the acquisition  time (0.11 1 ms), and  an- 
alyzed as described by Forman-Kay  et  al. (1990). The  error in 
the  measured  coupling  constants was estimated  to  be k0.5 Hz 
based  on  multiple analyses of data  from several  residues. 

Amide hydrogen exchange 

The  rates of amide  hydrogen-deuterium exchange in BCX were 
measured by rapidly  transferring  the "N-labeled protein  into 
D,O buffer,  containing 25 mM  d3-acetate  and 0.02% NaN,  at 
pH* 6.1, using a  Sephadex G-25 (medium  grade)  spin  column 
in a table-top swinging bucket centrifuge  (Anderson et al., 1993). 
After - 10 min of equilibration  at 30 "C, a series  of  sensitivity- 
enhanced  gradient  HSQC  spectra,  each  requiring 60 min to 
collect, were measured  over  the  period of a  day.  The  rates of 
hydrogen exchange were determined based on  the integrated vol- 
umes of the  'H-"N  crosspeaks in the  transformed  spectra. 
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