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Abstract

NMR spectroscopy was used to search for mechanistically significant differences in the local mobility of the main-chain
amides ofBacillus circulansxylanase(BCX) in its native and catalytically competent covalent glycosyl-enzyme
intermediate stated®N Ty, T,, and*>N{*H} NOE values were measured for1 20 out of 178 peptide groups in both the

apo form of the protein and in BCX covalently modified at position Glu78 with a mechanism-based 2-deoxy-2-fluoro-
B-xylobioside inactivator. Employing the model-free formalism of Lipari and Szabo, the measured relaxation parameters
were used to calculate a global correlation tifrg) for the protein in each forrf9.2+ 0.2 ns for apo-BCX; 9.& 0.3 ns

for the modified proteip as well as individual order parameters for the main-chain NH bond vectors. Average values
of the order parameters for the protein in the apo and complexed formsS#iered.86 + 0.04 andS? = 0.91+ 0.04,
respectively. No correlation is observed between these order parameters and the secondary structure, solvent accessibility,
or hydrogen bonding patterns of amides in either form of the protein. These results demonstrate that the backbone
of BCX is well ordered in both states and that formation of the glycosyl-enzyme intermediate leads to little change, in
any, in the dynamic properties of BCX on the time scales sample®®NYNMR relaxation measurements.
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Protein molecules undergo a wide variety of internal motions onraphy are limited in number. One possible model system is the
timescales ranging from picoseconds to seconds or even longetylanase fromBacillus circulans(BCX).
These motions may play an important role in the ability of proteins Xylanases are an important class of enzymes that bind and
to perform their manifold functions, including catalysis and ligand hydrolyze xylan, a major component of plant cell walls. Numer-
binding. A major goal of current enzymology is to describe theous potential applications in the food preparation and pulp and
structural and dynamic changes that enzymes undergo along thegiaper industries have stimulated a widespread effort to investi-
reaction pathways. Several recent studies have concluded that igate the process of xylan degradation in detail. BCX and several
tramolecular motions are necessary for certain enzymes to catalyzeghly related Family 1AG xylanases have emerged as model
their respective reactions, both in terms of substrate binding an@-glycosidases, being extensively characterized both structurally
the subsequent chemical and dissociation stagke et al., 1993;  (Campbell et al., 1993; Torronen et al., 1994; Torrdnen & Rou-
Mandel et al., 1995; Stivers et al., 1996&lowever, good model vinen, 1995; Krengel & Dijkstra, 1996; McIntosh et al., 1996;
systems involving small enzymes that can be trapped in intermediPlesniak et al., 1996a, 1996b; Connelly & Mclintosh, 1988d
ate states and subjected to analysis by NMR or X-ray crystallogfunctionally (Miao et al., 1994; Wakarchuk et al., 1994a, 1994b;
Lawson et al., 1996, 1997; White et al., 1996; Torronen & Rou-
Reprint requests to: Lawrence P. McIntosh, Department of Biochemistryvmen’ 1997; White &. Rose, 199'7The o.vera” f0|d.0f B.CX
and Molecular Biology, University of British Columbia, Vancouver, British resembles a closed right-handed fist, with the active site cleft
Columbia V6T 1Z3, Canada; e-mail: mcintosh@otter.biochem.ubc.ca. ~ covered over by a loop or “thumb” region.

Abbreviations:2FXb, 2-deoxy-2-fluor@gs-xylobioside; 2FXb-BCX, BCX BCX is a retaining glycosidas@sebler et al., 1992 cleaving
Covagfg;'g’ Tﬁﬂggﬁi2apgsét>i(‘?”8((3:';’(?a‘g’iiltlﬁsz'gifglj‘lgfs'g“g?ggbg;ﬁ% xylan via a double-displacement mechanism involving a cova-
?:F;(rjr—PurcéII—Meiboom—GiII; D’NP—2FXb, 2,4—dinitropheniI—Z—deo;(y—Z—ﬂuoyro— qut_ glycosyl-enzyme intermediate that is formed by the nucleq-
B-xylobioside; HSQC, heteronuclear single quantum coherence spectroghilic attack of the carboxylate of Glu78 at the substrate anomeric
copy; NOE, nuclear Overhauser effect; RMSD, root-mean-square deviatiorcenter(Miao et al., 1994 This intermediate is formed and hy-
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drolyzed via transition states with substantial oxocarbenium iorate leads to little, if any, change in the dynamic properties of BCX
character and thus can be trapped by use of substrates suoh the time scales sampled BN relaxation measurements. Thus,
as 2,4-dinitrophenyl-2-deoxy-2-fluor®-xylobioside (DNP-2FXb. any increase in the global stability of the enzyme or in its resis-
The fluorine at the C-2 position of this compound destabilizedtance proteolysis due to covalent modification is not reflected by
the positively charged transition states, while the good 2,4the motions of the protein occurring on a subnanosecond timescale.
dinitrophenolate leaving group ensures that glycosylation re-
mains faster than deglycosylation. Although eventually hydrolyzed
the 2-deoxy-2-fluoroxylobiosyl-enzyme intermedig@Xb-BCX)
has a half-ll_fe qf~6 h at 40°C and pH _6.0, indicating th_at Assignment of the NMR spectrum of 2FXb-BCX
deglycosylation is slowed by more than six orders of magnitude
relative to the case with natural substrat@siao et al., 1994 Figure 1 shows théH-'5N HSQC spectrum of 2FXb-BCX. We
The catalytic competence of the intermediate is further demonassigned the cross peaks in this spectrum using the same strategy
strated by its turnover via transglycosylation to an added acceppreviously employed for apo-BCXPlesniak et al., 1996bSpe-
tor sugar(Miao et al., 1994 Therefore, the 2FXb-BCX species cifically, the HNCACB and CBCACO)NH experiments were ex-
is a valid model of an enzyme-intermediate complex. It is in-ploited to provide scalar correlations between resonances from the
triguing that studies of equivalent fluoroglycosyl-enzyme inter- backboneHN and °>N nuclei of each amide with th&C* and
mediates have revealed that such covalent modification of thes&C# nuclei from its own residue and those from the preceding
glycosidases significantly increases their resistance to proteolytiamino acid(Grzesiek & Bax, 1992; Wittekind & Mueller, 1993
cleavage(Street et al., 1992 However, subsequent crystallo- In most instances, both the inter- and intraresidue connections
graphic studies have detected very few substantial changes inetween thé3C* and*3C# and the amidéHN of each amino acid
three-dimensional structure upon intermediate formatidfhite ~ were observed in the HNCACB experiment, thus allowing the
et al., 1996; Burmeister et al., 1997; Davies et al., 1998; Notenunambiguous connection of spin systems from neighboring resi-
boom et al., 1998; Sidhu et al., 199®Differences in protease dues. Following this approach, thel and >N resonances of 177
susceptibility may, therefore, arise from changes in the stabilityout of 179 nonproline residues were assigned. The only exceptions
or dynamic properties of the enzyme upon formation of thewere Alal, which has no amide, and Ser2, for which a signal was
glycosyl-enzyme intermediate. not detectedsee Plesniak et al., 1996MAll NMR assignments

This work is part of a series of studies on BCX aimed at elu-have been submitted to the BioMagResBank.
cidating the structural, dynamic, and electrostatic properties of the Differences in*"HN and >N chemical shifts between apo-BCX
protein along its catalytic pathway. Structures of the native en-and 2FXb-BCX are plotted as a function of residue number in
zyme, a noncovalent Michaelis complex, and the glycosyl-enzymé=igure 2. Many of the smallest perturbatioid$ < 0.05 ppm for
intermediate of BCX have been solved by X-ray crystallography'HN and A6 < 0.2 ppm for*>N) are attributable to the slight
(Campbell et al., 1993; Wakarchuk et al., 1994a; Sidhu et al.change in pH and ionic strength resulting from addition of DNP-
1999. These studies have revealed the basis of the specificit FXb. However, there are several regions of the protein where
of BCX for xylan derivatives and highlighted the significant clusters of residues experience more pronounced chemical shift
distortion of the proximal xylose ring upon formation of the 2- changege.g.,As > 0.2 ppm for*HN andAs > 1.0 ppm for*>N).
fluoro-xylobiosyl-enzyme intermediate. This distortion, along with When these perturbations are mapped onto the three-dimensional
numerous sugar—protein hydrogen-bonding interactions, likely stastructure of BCX, as shown in Figure 3A, it is apparent that most
bilizes the transition states for both glycosylation and deglycosyl-of the largest differences occur for residues that line the binding
ation. *3C-NMR titrations of the apo protein have revealed,p cleft and form the thumb region. In contrast, there are no large
values of 4.6 and 6.7 for Glu78 and Glul72, respectiyéigin- chemical shift changes in amides that are distal from the binding
tosh et al., 1996 demonstrating that at the enzyme’s pH optimum site. This clearly indicates that any structural changes, which occur
of 5.7, the nucleophile Glu78 is deprotonated while the generain the backbone of BCX as a result of covalent modification of
acid Glul72 is protonated. Remarkably, the,mf Glul72 drops  Glu78, are localized to the binding site itself.
to 4.2 upon formation of the 2-fluoro-xylobiosyl-enzyme inter-
mediate, aIIc_)wing Glul?z to fun_ctic:r] as a gene_ral base in thelSN T,, T, and N{*H} NOE measurements
deglycosylation step. This ¥, cycling” is attributed in part to the and calculation ofr
loss of the negative charge of Glu78 upon formation of the glycosyl- m
enzyme intermediate, and thus is intrinsic to the double displaceThe Ty, T», and heteronuclear NOE data for apo-BCX and 2FXb-
ment mechanism of BCXMclntosh et al., 1996 BCX are plotted as a function of residue number in Figure 4.

In this study we usé®N-relaxation dynamics measurements on High-quality relaxation data were acquired for 128 peptide NH
both apo-BCX and 2FXb-BCX to address the question of whethegroups in apo-BCX and 117 for 2FXb-BCX. Data for the remain-
the flexibility of the backbone of the enzyme changes along itsing residues were discarded due to spectral overlap or poor fits to
catalytic pathway. We report the order parameters for the amida single exponential decay. The averdgealue for all backbone
NH bond vectors of BCX, both in the unbound forf@po-BCX) amides increased slightly from 56426 ms for apo-BCX to 583
and in complex with the inactivatd2FXb-BCX). On the whole, 28 ms for the protein in the complex. However, the average
the S? values for apo-BCX are uniformly higkaverageS? = value showed a decrease from 887 ms for apo-BCX to 81
0.86+ 0.04), showing little variation with secondary structure or 6 ms for 2FXb-BCX. The averag®N{*H} NOE measured for
other structural parameters such as amide hydrogen bonding @ach peptide group was also slightly higher for the protein in the
solvent-exposed surface area. The average order parameter icemplex, increasing from 0.78 0.05 to 0.76+ 0.03.
creases only marginally in 2FXb-BCX to a value$f = 0.91+ Using the measured relaxation parameters, a global correlation
0.04, indicating that formation of the glycosyl-enzyme intermedi- time (7,) was calculated for both apo-BCX and 2FXb-BCKar-

Results



514 G.P. Connelly et al.

34
132[0] 102 " o ol oo
0 0!
158 o1s 0
120
12, 03 o4 0162 0

130 ] j e 046 0173
036 o™ 1770 on

027 143 179
0 0
140
11,3 14 02 0 20*%
13 117 0138 44

147
110 s 3 80,0 o) .
123 0
uxoo 24 O m 104 1510155 126 0
003 30 0100 056 O 0

81 156 o'
168, 65 124(§121087 g}
0 28 1130 04 76 85 ~
25 159 119
37 130 0 0 0"
120 0 D44

169, 159 SQ 163

106 125 149 49
153 133 0 10704154
0 Qrat Ogg 158~ 128 00
o 01 11

43 108 6300167 0P us
00 101 0% 135 95 112 °
8 152 —
131 19 0181 Qo” 00 0
O 0'82
145J 61 o 52 9
82 136 O (2)9 20 0% o165
0 16 2O 016 07 146,
035 58 O/Glu Oso o 78
0 ) 160 510 83
0 0 o™ Oy o7
o145 20 094

T T
126.0 120.0 114.0 108.0

T
132.0

0 555 18 89
09 96
o7 068 [0]

T T T T T
10.0 9.0 8.0 7.0 6.0

HI (ppm)

Fig. 1. *H-*5N HSQC spectrum of uniformly*C/**N-enriched BCX covalently bonded to 2FXb. Cross peaks for Gly96 and Arg132
(boxed have'®N shifts that are outside the spectral window and are thus aliased and inverted in the spectrum. The cross peak for
lle118, with HY and'°N shifts of 4.00 and 108.8 ppm, respectively, is not shown. Signals from the side-chidiand N°H of Asn

and GIn residues are not detected due to the use of a refocused INEPT witfinpthlse sequence used to record this spectrum. The
indole N<'H cross peaks from the tryptophan residues and ttté tdoss peaks from the arginines in BCX are not assig(®ek Fig. 1

of Plesniak et al., 1996b, for the HSQC of apo-BCX.

row et al., 1994 Data from residues whodg/T, ratio differed by ~ (models 3, 4, or bto adequately describe their behavior. Never-
more than one standard deviation from the average were not irtheless, the average order parameter for the peptide NH bond
cluded at this stage,, for apo-BCX was 9.2+ 0.2 ns, while for  vectors in the apo form of BCX is quite higi$? = 0.86+ 0.04),
2FXb-BCX it was 9.8+ 0.3 ns. These values are consistent with indicating that, in general, the main-chain atoms are motionally
the observed general increaseTinand NOE values and the de- restricted in the folded protein on a pico-nanosecond time scale.
crease inT, values for 2FXb-BCX relative to apo-BCX, and in- These relaxation data are thus consistent with crystallographic and
dicate that the protein is in the slow-tumbling regime under thehydrodynamic(Plesniak et al., 1996kstudies, which reveal that
experimental condition&Kay et al., 1989; Peng & Wagner, 1992a, BCX is a very compact, globular molecule.

1992h.

Relaxation dynamics of Apo-BCX Table 1. Number of residues in apo-BCX and 2FXb-BCX fit

The S? values calculated for apo-BCX according to the isotropicto each relaxation model

Lipari and Szab@1982a, 1982pbformalism are displayed in Fig-  podel (Parametets Apo-BCX 2EXb-BCX
ure 5, along with any accompanying parameters for residues whose

relaxation data were best fit with one of the more complex modelst (S?) 11 28
(for an explanation of the various relaxation models, see the Maz2 (8% 7o) 54 59
terials and methods Table 1 shows that nearly one-half of the 3 (S% Rex 3 4
residues whose relaxation parameters were analigeaf 125 4 (32' Te Rex 25 8
required one of the more complex models incorporating chemica? (5% &\ 79 32 1

exchange terms or motions on two widely different time scales
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BINDING SITE results were obtained when different elements of secondary struc-
RESIDUES —» — — — — .
ture were considered separatéiata not shown

05 |
Relaxation dynamics of 2FXb-BCX

Upon formation of the glycosyl-enzyme intermediate, the average
S? value for all residues in BCX increases slightly to 0:8D.04
(Fig. 5; Table 2. Relative to apo-BCX, residues throughout the
protein show small changes in their order parameters, and almost
all of these are in the positive direction. When mapped onto a
ribbon diagam representing the structure of BOXg. 3C), we
find that residues showing increasesSt= 0.08 cluster somewhat
within the singlea-helix, in an extended region near residue 132—
| >N 136, and in the thumb regiofthe latter having an averad® =
-5 r P 0.91 + 0.06 that is now equal to the global average for 2FXb-

' : - — ' ' BCX). However, with the exception of the thumb region, the sig-
1 25 50 75 100 125 150 175 nificance of these changes in terms of the effect of the inhibitor on
the structure and dynamics of BCX is unclear, particularly since
the magnitude of these changes is not much greater than the errors
Fig. 2. Perturbations of the main-chafH™ and N chemical shifts of  calculated for the order parameters themselves. In addition, several
BCX upon covalent modification with 2FXb. For simplicity, proton chem- «ciqes scattered throughout the protein display decr&foeal-

ical shift differences are all plotted as positive absolute values, while the lex f fi . ith ch th
nitrogen differences are plotted as negative absolute values. The pattern U?? upon complex lformation, again with changes near the error

chemical shift changes confirms that the 2FXb moiety is covalently bondedimit.
within the active site of BCX. The residues lining the binding site are  One difference between the data sets for apo-BCX and 2FXb-

indicated by the hea\_/y black ba_rs at the top of the_ panel, and the residugscX is seen in the number of amides whose relaxation behavior
between the dotted lines comprise the thumb region of BCX. can be adequately described by each of the models outlined in
Materials and methodgee Table 11 Specifically, the number of
residues whose relaxation dynamics are best fit with the simplest
models(1 and 2, using only the variable§? or S? plus 7. in-
Figure 3B illustrates the calculated order parameters mappedreases from 65 for apo-BCX to 87 for 2FXb-BCX. Conversely,
onto the structure of the free protein. Only slight variations in thesghe number of residues requiring the more complex moi!d,
values are seen with secondary structure, with amides in the singkend 5 to be well fit decreases significantly from 60 in apo-BCX to
helix having marginally higheB? values that those i-strands 23 in 2FXb-BCX. Likewise, while 28 of the NH groups in apo-
(Table 2. Of the 14 residues witB? = 0.80, Val16, Ala18, Ser22, BCX show some evidence of chemical exchange broadéning-
Gly56, Trp58, and Serl79 lie within tigsheet distal to the active els 3 and 4 only 12 show this behavior in the complex. Finally,
site cleft, Asn8, Lys40, Thr126 in thg-sheet surrounding this residues 15-19, which lie on the outside of the fgssheet, re-
cleft, lle118, Asp121, Arg122 within the thumb region, and Thr3 quire the two-site model of relaxatigmodel 5 to describe their
and Gly161in regions of nonregular secondary structure. The onlpehavior in both forms of the protein. The average values for the
trend that emerges from this small collection of residues, whichother motional paramete(®.,, S?, andrs) are similar for the two
exhibit slightly lower order parameters than the global average, igorms of the protein, the difference being in the number of residues
a clustering within the outermog-strand of the distaB-sheet  that require those parameters to fit their relaxation data.
(residues 15-22%2 = 0.78 + 0.04 and within the thumb region
(residues 113-124? = 0.82+ 0.06. Finally, no correlation was
observed between measurgti values and the solvent accessible
surface area of each peptide NH group or its crystallographidn this study we used NMR spectroscopy to probe the structural
B-factor (R?> = 0.05 and 0.08, respectivglyThe R? correlation ~ and dynamic consequences of covalently modifying BCX with
coefficients are given for the molecule as a whole, but similarDNP-2FXb. Together, the protein and this “slow substrate” form a
stable, yet catalytically competent, glycosyl-enzyme intermediate,
thereby effectively freezing the enzyme midway along its reaction
pathway. This permits a comparison of the dynamic properties of
BCX in its apo and covalent-intermediate states.

0.0

‘AS (ppm)

Residue

Discussion

Table 2. Average order parameters for residues of apo-BCX

and 2FXb-BCX in different types of secondary structure
Structural analyses of apo- and 2FXb-BCX

Loops Thumb . .
Global  a-Helix B-Sheet (a”';) (Y113-T124 1o assess the structural perturbations that occur in BCX as a con-

sequence of forming the glycosyl-enzyme intermediate, we com-
Apo-BCX  0.864)2 0.903) 0.86(4) 0.84(5) 0.82(6) pared the'H-1°N HSQC of apo- and 2FXb-BCX. Amide chemical
2FXb-BCX 0.9%4)  0.942) 0.904) 0.915) 0.91(6) shifts are exquisitely sensitive to local conformational changes,
such as alterations in hydrogen bond geometry or changes in ori-
aThe standard deviation of the final digit for each value is shown in €ntation with respect to aromatic side chains. Thus, they are dif-
parentheses. ficult to interpret in an absolute structural sense. However, the




516

G.P. Connelly et al.

Fig. 3. A: Perturbations in the chemical shifts of the amides in BCX upon formation of the glycosyl-enzyme intermediate mapped on

to the structure of the free enzym@ampbell et al., 1993 The overall tertiary structure of the protein resembles a closed right fist,

with a loop or “thumb” of residues lying over the active-site cleft where the two catalytic glutamic acid residues, Glu78 and Glul72,
are located. Regions with the largéstN and *°N chemical shift differences between the free and inhibitor-bound states are shaded

red, while regions that experience little or no chemical shift changes with binding are colored blue. The white sections of the chain
represent residues that have no peptide NH gr@uplines, N-terminus The width of the ribbon in this figure has also been drawn

to reflect the same chemical shift chandedder ribbon= larger A8). Consistent with the covalent modification of the enzyme at

Glu78, chemical perturbations are seen for residues lining the binding BleThe calculateds? values for apo-BCX mapped on to

the structure of the free enzyme. The main chain is shaded using a continuous color ramp, frolf®3u#le65) to green(S? = 0.95.

White areas of the chain represent proline residues, or residues for which an order parameter could not be obtained due to spectral
overlap or poor quality dataC: AS? values(Siexp-sex-Sho-acx) Of all residues for which an order parameter could be calculated for

both forms of the protein. The data are represented on the crystal structure coordinates of the 2FXb-BCX (Qidiplest al., 1999

and the position of the covalently bonded xylobiose residue is shown in green. Red regions of the chain represent positive changes in
S?, blue regions represent negative changes, and white indicated prolines and residues for which order parameters were not obtained
in one or both forms of the protein. The thickness of the chain is again drawn to indicate the relative magnitude of the changes.

pattern of perturbations we observe upon formation of the 2FXb4icant structural rearrangements for backbone atoms relative to apo-
BCX species are wholly consistent with the structure of the inhib-BCX (0.2 A RMSD between the two structures for all backbone
ited enzyme obtained by X-ray crystallograpfsee Fig. 3A. atoms, except for a concerted displacement of the thumb region
Inspection of the crystal structure of 2FXb-BCX shows no signif- over the binding cleft1.1 A RMSD) (Campbell et al., 1993; Sidhu
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1.0 tosh et al., 1996; Sidhu et al., 199Surprisingly, Glu78 experiences

a change of only 0.1 ppm in it$N resonance, even though it
becomes covalently modified in the intermediate. Glu172 shows a
, f much larger chemical shift change of 1.8 ppm between apo-BCX
fmw 4= 2FX-BCX  and 2FXb-BCX. A similar pattern is seen for thiel chemical shift
A ! apo-BCX differences. This indicates that any chemical shift changes caused
E by intrinsic (through-bondl, electrostatic, or structural perturba-

i tions are balanced out at the amide of Glu78. Nevertheless, amides
< adjacent to Glu78 are significantly perturbed in b& and*°N

l chemical shift, and the data in Figure 3A are consistent with the
P binding of 2FXb to this site in BCX.
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010 4y s Wt ol 31 <— apo-soX 15N relaxation data._ Using the measured value of 9.2 ns, we cal-
. .} <— 2FXb-BCX culate a Stokes radius of 22.6 A for the proté@avanagh et al.,
1996. After correction for a hydration layer of3 A, this value
(19.6 A) is slightly larger than that of-18 A estimated from the
X-ray structure of the apoprotein. Similar discrepancies have been
seen in other studi€Zink et al., 1994; Clubb et al., 1995; Kay et al.,
1998 and probably reflect the fact that the calculatgddepends
on the third power of the radius and, thus, is exquisitely sensitive to
: the exact molecular dimensions and degree of hydration of each given
'; protein. Nevertheless, &, of 9.2 ns is within the range expected

f :
b i : i . .
| g Lt o i SRS ¢ Ly ; < 2FXb-BCX for a 20 kDa protein existing in a predominantly monomeric form.
ey i%?% S
¢ 4 gt

Tz (S’

0.05 |

4 u < apo-BCX This conclusion is supported by equilibrium and velocity sedimen-
tation studies that unambiguously demonstrate that BCX is mono-
meric under the closely related conditions used for these particular
measurementéPlesniak et al., 1996b
Upon inactivation, ther,, for 2FXb-BCX increased to 9.8 ns.
Based solely on hydrodynamic considerations, this would reflect a
; 2% increase in the Stokes radius of the protein. Crystallographic
o . ) , L analyses indicate that the structure of BCX does indeed expand
1 25 50 75 100 125 150 175 slightly upon covalent modification due to the outward displace-
ment of the thumb region by an RMSD of 1.1(&ampbell et al.,
1993; Sidhu et al., 1999lt is difficult to judge whether this small
Fig. 4. **N Ty, T, and**N{*H} NOE values for the main-chain amides of conformational change is sufficient to account for the difference in
apo-BCX (filled circles) and 2FXb-BCX (open circleg at pH 5.7 and . yalues measured for apo- and 2FXb-BCX. However, it is note-
30°C. Residues forming the thumb region of BCX are enclosed between . . . .
the dotted lines. The mean values for each quantity are indicated by th}glorthy that relaxation dynamics studies of other proteln—llganq
arrows on the right, and individual errors, which are on the order of 3% orand enzyme-substrate complexes have shown comparable in-
less, are shown by error bars. Data for peptide groups whose HSQC signatseases in global tumbling times upon complex format®tivers
were severely overlapped in either the free or the bound sample wergt g|., 1996; Olejniczak et al., 1997ut no clear explanation has
discarded. been evinced. In the case of BCX, we note that the small increase
in 7, could, at least in part, also result from change in the ionic
strength or pH of the solution due to the addition of DNP-2FXb.
Specifically, the initial sample pH was 5.7, yet after addition of 2.0
etal., 1999. We, therefore, conclude that the chemical shift changesng of inhibitor it dropped to 5.4. Previous investigation of BCX
observed for residues of BCX throughout the binding site reflect(Plesniak et al., 1996bsuggested that the protein may weakly
subtle structural perturbations that fall within the errors of theself-associate with increasing ionic strength, as evidenced by a
X-ray crystallographic analysis. By way of comparison, NMR stud- decrease in the quality of its NMR spectra at elevated salt con-
ies on apo- and holo-coenzyme A binding protein have also showgentrations. As discussed below, theoretical studies indicate that
numerous chemical shift differences upon complex formation, yesuch nonspecific association can result in an increased valyg of
only small structural changeRischel et al., 1994 Similarly, as well as overestimation of the order parameters derived from use
single-site amino acid mutations in T4 lysozyme induce only mi-of the simple, isotropic Lipari and Szabo formalig8churr et al.,
nor overall structural perturbations in the molecule while giving 1994. Unfortunately, due to the very limited quantities of DNP-
rise to a much broader range of chemical shift variatighsder- ~ 2FXb available for these studies, we were unable to measure these
son et al., 1998 15N relaxation parameters as a function of protein concentration or
Previous studies of BCX have unambiguously demonstrateduffer ionic strength and pH, in the attempt to distinguish whether
Glu78 to be the active-site nucleophile and Glu172 to be the/acidthe observed increase iy, resulted from the observed conforma-
base catalystMiao et al., 1994; Wakarchuk et al., 1994a; MclIn- tional change or from weak self-association.
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Fig. 5. >N dynamics data for apo-BCXilled circles) and 2FXb-BCX(open circles The correlation timér,,) for global tumbling

was calculated to be 9.2 and 9.8 ns for the free protein and the complex, respectively. From top to bottom, the data are Shown for
(overall generalized order parametet, (time constant for fast motiofsRe (rate for chemical exchanges? (order parameter for fast
motions, for residues that do not fit to one of the single-site mggdai®irs (time constant for these motiong-or definitions of these
quantities, see Table 1 and Materials and methods.
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The correlation times reported for apo- and 2FXb-BCX wereB-sheet in the molecul€Campbell et al., 1993; Joshi et al., 1997;
derived assuming isotropic tumbling of each molecule in solution.Sidhu et al., 1999 These observations indicate that every part of
However, based on their high-resolution crystal structures, the cakhe backbone participates in the organized tertiary structure of this
culated moments of inertia for apo-BGX.00:0.91:0.78and the  bacterial xylanase. One exception to observation of generally uni-
covalently modified glycosyl-enzyme intermedi&te00:0.91:0.80  form relaxation rates is seen with the anomalously Tawalues,
suggest a small degree of asymmetry. Therefore, we also attempteaid hence, largR., terms(Fig. 5), measured for residues Thr33,
to analyze the measured relaxation data according to anisotropi@ly34, and Asn35 in both forms of the protdiRig. 4). Inspection
models of rotational diffusion. Using the quadratic representatiorof the structure of BCX reveals no apparent reason for this unusual
approach of Brischweiler et g11995, both forms of the protein  behavior as these residues appear very well ordered, following a
yielded values oD, /D, ~ 0.93 when the ratios of thelr; and T, B-turn linking internal strands of the twg-sheets in BCX.
lifetimes were fit to an axially symmetric model. However, only in
the case of 2FXb-BCX was the fit to the observed relaxation dataChanges in fast dynamics upon covalent modification
statistically better than that provided by the isotropic model, as
judged by arF-test(Lee et al., 199Y. In neither case was use of Upon formation of the glycosyl-enzyme intermediate, the average
a fully anisotropic model warranted. Although this result is indic- S? value of all backbone amides in BCX increases marginally from
ative of a small degree of nonisotropic tumbling for 2FXb-BCX, 0.86+ 0.04 to 0.91*+ 0.04. Given that the difference in averagfe
we have chosen to analyze the relaxation data for both forms of thealues is of the same order as the errors on each, and keeping in
protein by an isotropic model for several reasons. These includenind that ther,, differed slightly between apo-BCX and 2FXb-
consistency sake, recognition of the observation of Blackledgd3CX, the significance of this small increase is unclear. One pos-
et al. (1998 that multiple minima may exist when extracting ax- sible interpretation is that this change may indeed reflect a very
ially symmetric diffusion parameters frofAN relaxation data, and  slight reduction in the fast internal dynamics of the whole protein
because an initial inclusion of anisotropic tumbling into the modeldue to covalent modification. However, alternative explanations
free analysis did not appear to cause any significant changes in thexist. Neglect of possible anisotropic tumbling may influence the
order parameters or other relaxational terms derived for either apditted order parameters, although this was not seen in a cursory
or 2FXb-BCX (not shown. This observation is consistent with analysis of the relaxation data when using an axially symmetric
previous reports that the description of the fast internal dynamicsnodel. More plausibly, as noted above, if the increase inrthe
of a protein is relatively insensitive to the exact choice of a dif- value determined for 2FXb-BCX does reflects a small degree of
fusion model(Schurr et al., 1994; Tjandra et al., 1995 nonspecific self-association, then fitting to the simple Lipari and
Szabo formalism for isotropic tumbling could lead to artificially
high S? values(Schurr et al., 1994 Therefore, within experimen-
tal limits, we must conclude that no significant changes were de-
The average values of the generalized order parameters determintstted by'>N relaxation methods in the overall dynamic properties
for apo-BCX and 2FXb-BCX are highS? = 0.86 + 0.04 and  of BCX upon formation of the glycosyl-enzyme intermediate. Given
0.91+ 0.04, respectively indicating that both forms of the protein that apo-BCX is relatively rigid to begin with and shows no major
are quite rigid in the pico-to-nanosecond regime under the expervariations inS? values along its backbone, the absence of any
imental conditions used in this study. We seen only slight variafpronounced decrease in its mobility on a sub-nanosecond time
tions in these values with secondary struct(ifable 2, and no  regime, after modification with DNP-2FXb, is not unexpected.
correlation in either form of the enzyme between the calculatedNote, however, these results also exclude the possibility of in-
order parameters and structural features, such as peptide grogpeased fast internal dynamics accompanying the covalent modi-
solvent accessibility or hydrogen bonding. This uniformity is not fication of BCX.
unexpected given the extensi@esheet structure of this xylanase  One segment of BCX that warrants closer inspection is the
and that, based on the program HBPLWMcDonald & Thornton,  thumb region, located along the active site cleft of the enzyme
1994, backbone NH groups of 146 of the 185 residues in the(Fig. 3). As summarized in Table 2, the average order parameters
crystal forms of both apo- and 2FXb-BCX participate in intra- of residues 113124 in apo-BCX are slightly less than the global
molecular hydrogen bonds. average for this form of the prote{0.82=+ 0.06 vs. 0.86t 0.04),

Overall, the measured;, T,, and NOE and derive®? values  yet equal to the global average for 2FXb-BQX 91 + 0.06 vs.
for the backbone amides in BCX do not vary significantly, even0.91 + 0.04). It is tempting to speculate that the thumb region
between residues in the nine strandgBesheet vs. those in turns exhibits marginally more mobility on a sub-nanosecond time scale
or loops(Table 2. In contrast, for many proteins order parametersthan the remainder of apo-BCX, and that any difference in such
for residues at the N- and C-termini or in exposed loop regionsmobility is lost upon glycosylation. For example, tB2 value of
tend to be distinctly lower than those for the rest of the main chairlle118, located at the tip of the thumb, increases from 0.74 in
(Akke et al., 1993; Mandel et al., 1995; Olejniczak et al., 1997 apo-BCX to 0.85 in 2FXb-BCX. Parenthetically, the amide of this
Indeed, in the most pronounced cases, meastiid*H} NOE isoleucine is hydrogen bonded to the aromatic ring of Trp71
values can even be negative, indicative of a high degree of contPlesniak et al., 1996band directly contacts the bound sugar in
formational disorder. In contrast, tI&# values at the amino- and 2FXb-BCX. Unfortunately, reliable relaxation data for other resi-
carboxy-termini of BCX are typical of the other main-chain resi- dues within the thumb region, such as Gly120 and Asp121, which
dues, indicating that the ends of the backbone are not motionallglso show relatively lows? values in the apo-protein, could not be
disordered. Inspection of the crystal structure reveals the likelyneasured in the modified enzyme, thus limiting the reliability of
explanation for this observation. Namely, the N- and C-termini arethis conclusion. Note also that, although appearing somewhat ex-
held together by a salt bridge between the Ntbf Alal and the  posed in the ribbon diagrams of Figure 3, the thumb region is in
COO™ of Trp185, and both amino acids are part of the largestfact very well structured as a classical hairpin, containing a Type |

Fast internal dynamics of apo-BCX and 2FXb-BCX



520 G.P. Connelly et al.

B-turn(residues Ser117 to Glylpand six internal hydrogen bonds. show this behavior. It is possible that increased noncovalent inter-
As with the rest of the protein, we observe no correlation betweeractions between the residues forming the binding pocket of BCX
the measured order parameters and accessible surface area, hydand the substrate are responsible for the simpler motions in the
gen bonding, or crystallographigfactors of the individual amide residues in this region of the protein. Alternatively, as has been
groups within this loop. noted experimentally and theoreticallgchurr et al., 1994; Tjan-

By way of comparison, the thumb region is the only portion of dra et al., 1995 neglect of self-association or anisotropic diffusion
BCX showing a significant difference in placement between thecan erroneously lead to the calculation of terms reflecting the
crystal structures of the apo- and 2FXb-protein. Specifically, theslower motions that appear in the isotropic models 3, 4, and 5.
thumb opens in a hinge-like fashion from the body of the enzymenterestingly, as discussed above, the longeof 2FXb-BCX may
by an RMSD of 1.1 A to accommodate the substrate. This appeanesult from association due to small changes in sample pH and
to result from noncovalent interactions between the distal sugar obnic strength, and global tumbling of this former of the protein
the bound substrate and Pro116, Ser117, and Ile118 in the thumbay indeed be better fit by an axially symmetric diffusion model
and likely leads to the chemical shift perturbations highlighted inrather than one assuming isotropic tumbling. Despite these two
Figure 3A. Inspection of the structure of a noncovalent Michaelispotential difficulties, the relaxation data of 2FXb-BCX were more
complex of a catalytically inactive mutant form of BCX with xy- frequently fit to simple isotropic models than with apo-BCX. To
lotetraose reveals that the thumb is similarly shift®dakarchuk  better understand this observatidfiN and*°C relaxation studies
et al., 19943 indicating that, indeed, it is the presence of the at multiple field strengths, as well &, measurements, may be
bound substrate that causes its displacement, rather than covalaergcessary.
bond formation per se. Interestingly, the structure of apo-BCX has
also been solved in the P22 space grougG. Sidhu, unpubl.
results. A comparison with the structure determined in the original
P22:2, space groufFig. 3) shows no significant differences ex- As shown by the'®N relaxation results presented in this study,
cept for a 0.6 A RMS displacement of backbone atoms in theBCX is a well-ordered protein with very limited backbone flexi-
thumb. These residues form an interprotein contact in both crystability on the sub-nanosecond timescale. Although the free energy
forms and thus their exact position within each space group i®f folding of BCX has not been determined due to problems of
likely influenced by packing interactions. Extrapolating from theseirreversible aggregation, it appears to be a relatively stable protein,
crystallographic results, it is reasonable to suggest that the thumés evidenced by an apparent midpoint unfolding temperature of
region in apo-BCX can undergo a hinge-bending motion to sample~60°C at pH 5.5 and a midpoint urea denaturation concentration
an ensemble of conformations in solutions. This motion may beof 5.5 M at this same pH and 2Q (L.P. McIntosh, unpubl. obks.
reflected in the slightly lower order parameters derived for amidedt is tempting to speculate that this global stability, which likely
of the thumb region from the model free analysis of the measuredesults from the enzyme’s compact and extensively hydrogen-
15N relaxation dat&Fig. 3B), although it could well occur on a bondedg-sheet structure, correlates directly with the limited in-
timescale, such as that of the microsecond regime, not readilfernal flexibility observed for the backbone of BCX. However, we
detected using this NMR approach. Note, however, because nenote that the relationship between the global or local stability of a
ther conformational exchange broadeniifiy, terms; Fig. % nor protein and its dynamic properties is probably complex due to the
multiple resonances are observed in theor °N NMR spectra of  phenomenon of enthalpy—entropy compensation. That is, a protein
residues forming the thumb, such postulated motions are unlikelynolecule may be stabilized in its folded state by maximizing en-
to occur at any slower frequency. thalpically favorable interaction@t the expense of rigid ordering
and hence unfavorable entropy Ibes by minimizing entropically
unfavorable changes relative to its unfolded statehe expense of
limiting enthalpic interactions
One difference between the relaxation behavior of apo- and 2FXb- Upon formation of the glycosyl-enzyme intermediate, the over-
BCX is seen in the number of amides that fit to the simple vs.all S? values of the amides in BCX increase slightly, indicating
complex isotropic models of protein dynamics. In general, residues. possible, albeit very small, reduction in the mobility of the
that required more terms to accurately model their relaxation bebackbone of the protein on a fast timescale. In addition, based
havior (models 3, 4, and )5in the apo state of the protein were on the trend toward fitting the relaxation behavior of 2FXb-
often able to be fitted using one of the simpler modélsand 2 BCX with simpler motional models, mobility on the micro-to-
after the intermediate was forméske Table )L This phenomenon millisecond timescale may also be dampened in the intermediate
has also been seen for other systems, including SH2 domains amsthte. Although the effects of this modification on the global
ribonuclease H1Farrow et al., 1994; Mandel et al., 199%ne stability of BCX have not been defined in any detail due to the
possible interpretation of this observation is that, in BCX, severalaforementioned problems of aggregation, preliminary measure-
residues in the apo-protein have mobility on the microsecond-toments indicate that 2FXb-BCX is indeed more stable than the
millisecond timescale, which is dampened upon formation of theunmodified protein. For example, upon covalent modification
glycosyl-enzyme intermediate. In particular, for the span of resi-with DNP-2FXb, the apparent midpoint unfolding temperature
dues 125-155, which lies just to the C-terminal side of the thumiof BCX increases from~60 to 65°C at pH 4.0 and in 20%
region and contains six residues that line the binding cleft, we notelycerol (v/w) (M. Korner, L.P. McIntosh, & S.G. Withers, un-
that 11 NH groups require a chemical exchange téRgin mod- publ. obs). Given that the structures of apo- and 2FXb-BCX do
els 3 or 4 to model their relaxation behavior in apo-BCX. This not differ significantly, it is likely that the observed increase in
number decreases to 2 for 2FXb-BCX. Similarly, seven residues imesistance to proteolytic degradation upon complex forma&oB.
this region show significant motion on two widely different time- Withers, unpubl. obg.reflects this increase in global stability,
scales(model 5 in apo-BCX, while no residues in 2FXb-BCX which leads to a reduction in the amplitude or frequency of

BCX stability and dynamics
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large-scale fluctuations of the protein that are required to exposand 10% BO at pH 5.7, was used for all the assignment and
segments of its backbone for attack by a protease. However, it irelaxation experiments described in this paper. This was the same
unclear how this stabilization is correlated with the relatively sample for which thé'H, *3C, and*®N assignments for the apo-
minor differences, if any, between the relaxation behavior ob-protein were determine@Plesniak et al., 1996bWell after this
served between apo- and 2FXb-BCX. Furthermore, it is unlikelyinitial NMR work was completed, it was discovered that two mu-
any changes in the backbone mobility of the enzyme on thdations, encoding Serl34 to Thr and Thrl47 to Ser, had been in-
sub-nanosecond timescale accounts for its increased resistanteduced into the pCW expression plasmid during subcloning of
towards cleavage by proteases. This, of course, is not surprisinghe xylanase gene. The latter of these substitutions corresponds to
as the motions leading to NMR relaxation and proteolytic sus-that found in the homologouB. subtilisxylanase. Positions 134
ceptibility are probably vastly different in amplitude and fre- and 147 are both located on the surface of the protein, and the
quency. This highlights the need to characterize the dynami@amino acid substitutions do not change its structure or enzymatic
properties of a protein by using a wide variety of techniques,activity (Campbell et al., 1993; Wakarchuk et al., 1994&he
including methods such as amide hydrogen exchange, to ad&NMR spectra of the mutant and wild-type forms of BCX are es-
guately sample the spectrum of relevant motional timescales. sentially identical. To remain consistent with previous work, the
double-labeled protein in this paper is simply referred to as BCX
(see also Connelly & Mcintosh, 1998
BCX dynamics—Implications for the enzymatic mechanism Amechanism-based inhibitor, 2,4-dinitrophenyl 2-deoxy-2-fluoro-

Despite numerous studies and methodological advances in receﬁfxlebi_OSide(DNP'ZFXD' was synthesizgd as described |_o_revi-
years, the relationship between the internal motions of enzyme%‘fsbgz'ser etal., 1995 The molecular weight of the unmodified
and their catalytic properties remains to be well defined. Conflict- C/™N-labeled BCX was 21,545 3 Da, as measured by elec-

ing data have been reported regarding the effects of protein-ligangioSPray mass spectrometry. After inactivation, the mass of 2FXb-

binding and enzyme—substrate complex formation on protein moBCX was determined to be 21,817 3 Da. This difference is

tions for the timescales that can be investigatedy relaxation equal, Within_experimental error, to the mass of 2F(Xblculat¢d:
studies. For example, complex formation has been shown to bg®/ D& confirming that the enzyme forms a 1:1 complex with the
accompanied by a decrease in the backbone order parametersBfchanism-based inactivator.

active-site residues in 4-oxalocrotonate tautomef&seers et al.,

1996, while studies on calbindin § and a biotin carboxyl carrier NMR spectroscopy

protein show binding site regions that become more ordered upon . ) ) .
interaction(Akke et al., 1993; Yao et al., 1999investigations of | € @ssignment and relaxation spectra used in this study were

the lac repressor and the biotin carboxyl carrier protein subunitf€corded with a Varian Unity spectrometer, operating at 500 MHz

H H 3 H 13,
of acetyl-CoA carboxylase have also shown reductions in mobilityfgr protons and equ_lpped with a pulsed-field graldléHt/ C/
of backbone amides due to complex formatidtaptein et al., N probe. All experiments were done at ¥ The "H spectral
1995; Yao et al., 1999 Several proteins even show distinct order Widths were 6’25015HZ' with the transmitter set at the frequency
parameter changes in both directions, such as dihydrofolate redu@f H20 (4.7 ppm. N spectral widths were 1,575 Hz, centered

3ra, i -
tase(Epstein et al., 1995and an SH2 domain of phospholipase & 121.4 ppm, and*C*# spectral widths were 8,050 Hz, cen
(Farrow et al., 1994 The significance of these changes is as yet'€red at 43 ppm, as described previoushesniak et al., 1996b

1 15
unclear, although it has been suggested that an increase in disordl%rThe H—"*N HSQC spectra used to measafbl T, and T, and

1
for residues distal to a protein’s binding site may help to offset the |\ H Steady-state NOE values for the free and the bound pro-
entropic penalty incurred when active-site residues become morl?'n were recorded with water-selective pulse sequences described
ordered upon complex formatidiStivers et al., 1996 in Farrow et al.(1994. The T, and T, HSQC spectra were col-
In the case of BCX, the magnitude of any individual order €Cted with 96 complex points in thé®N dimension and 800

parameter changes between its free and glycosyl-enzyme imegero_-filled to 28 complex points_ in theH dimension,_with 24
mediate states is somewhat smaller than those reported for othBfnsients accumulated for eathincrement. TheT, series con-

proteins. We speculate that this is due to the high inherent confor3iSted Of nine experiments, with delay times of 11.1, 33.2, 55.3,
mational rigidity of BCX, even in the apo state. As BCX is a 22-5: 165.9,287.6, 420.3, 608.3, and 940.1 ms. Thgeries used

secreted enzyme, its lack of flexibility may be required for it to CPMC delays of 16.8, 33.7, 50.5, 67.3, 84.1, 101.0, 117.8, 134,6,
function in a harsh extracellular environment. In addition, BCX is @1d 151.5 ms. To minimize experimental artifacts, the nine spectra

. ’ . e .
not allosterically regulated; therefore, it does not need to contairl! & 9/V€N Series were acquired in random order. m{ H}
flexible regions capable of responding structurally to the bindingNOE spectra were recorded for each sample, one with a 5.0 s
of an effector molecule. Finally, it is possible that the highly or-

relaxation delay(contro) and one with a 2.0 s relaxation delay
dered structure of the protein is required to enable the distortion of°!lowed by @ 3.0's proton presaturation peri®tOE). These data

the proximal sugar residue as seen in the crystal structure of 2Fx6tS Were the same size as those for Theand T, series, but
BCX (Sidhu et al., 1999 recorded Wlt_h 64 trans_lents per increment.
After the first relaxation series was completed on the apo-BCX

sample, 1 mg of DNP-2FXb was added to the 520 protein
Materials and methods solution, giving approximately a fourfold molar excess of inacti-
vator over enzyme. Three shd&0 min) *H-*N HSQC spectra
were recorded in succession to monitor the formation of the co-
valently modified glycosyl-enzyme intermedidg=Xbh-BCX). The
A single, uniformly 13C/**N-labeled BCX sample, containing third HSQC showed no evidence of signals from the free protein.
0.9 mM protein in 25 mM sodium acetatlg; 0.02% sodium azide This was confirmed by mass spectrometry. At this point, the same

Protein preparation
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15N relaxation series was recorded on the sample. The proteioptimized for each site separately. When < 7, for a given
remained fully in the 2FXb-BCX form throughout these measure-peptide group, Equation 2 reduces to
ments, as judged by its invariant NMR spectrum.

When the relaxation experiments were finished, sevétal*C—
15N correlation spectra were recorded to enable the assignment
of the *H-5N cross peaks of 2FXb-BCXPlesniak et al., 1996b
These were, in order, an HNCAGBVittekind & Mieller, 1993,a  and onlyS? and the globak, are needed to adequately represent
CBCA(CO)NH (Grzesiek & Bax, 1992 and an HCCONH (Grze-  molecular motion at that site. For some NH groups, conforma-
siek et al., 1993; Muhandiram & Kay, 1994Between successive tjonal exchange on thes to ms timescaléepresented aR.,) can
three-dimensional experiments#—>N HSQC spectra were re- contribute significantly to the transverse relaxation proddss,
corded to monitor the reappearance of peaks diagnostic of apailong with the usual dipole—dipole and chemical shift anisotropy
BCX. After completion of the HNCACB, weak cross peaks from terms(RP® and RS respectively:
apo-BCX were detected in'a—15N HSQC spectrum, and thus an
additional 1.0 mg of DNP-2FXb was added. The final pH of the sam-
ple decreased slightly to 5.4 due to the hydrolysis of DNP-2FXb by 1/T, = RE® + RE%A+ Rex 4)
the protein.

J(w) = 2/5[S?7n/(1+ w?75)] )

In other cases, where significant intramolecular motions occur at a

Data processing particular NH site on two different timescalésne nearr,,), the

All spectra were processed as described in Plesniak et akxtended model-free analysis developed by Clore e{1890a,
(1996h using Felix software(Biosym, San Diego, Californja  1990h can be applied to accurately fit the relaxation data. Here,
The peak heights in thé5N relaxation spectra were measured the original order paramet&? is represented as a product of two
by fitting to optimized Lorentzian line shapes, using a routine order parameter§? andS? (with corresponding time constants
developed in house by Emmanuel Brun.and T, values were andrs) describing fast and slow internal motions, respectively. The
determined by fitting peak heights for a given amide resonancequation for the spectra density then becomes
to the equation

J(w) = 2/5[S?1,/(L+ 0?72) + (1 — SP) 7 /(1 + w?7P)
[(t) = loexp(—t/Ty2) )
+(1-)n/(1+ 0®53)] ®
with a program provided by Neil Farro@Jniversity of Toronto.
Cror in e e s yer <amelodiing & Nrte Co et and- v dfined by the latons — U + i
processed as detailed in Farrow et(a094). and Y7z = 1/7m + 1/7s.

Relaxation theory Model selection

1H_15N relaxation has been discussed in detail by ottielsre ~ 1he internal motions at each backbdie-1°N bond in BCX were

et al., 1990a, 1990b; Peng & Wagner, 199%nd, hence, only a fit with the simplest model using the fewest parameters necessary
brief overview is presented here. For a given peptide NH group!© explain the data, following the method of Farrow et(ab94.
the three measured relaxation paramef€fsT,, and the NOEare These mpdels are typically numbered 1-5, in order of increasing
functions of the spectral density(w), at that position in the pro- complexity (see Table L All depend on the calculated global
tein. The spectral density depends on the amplitudes and frequeRorrelation t'mesz- Model 1 uses only one other variable, the
cies of any internal motions that may be occurring at that site 0rder pagamete.% , to explain the relaxation at a given site. Model
as well as the global tumbling timér,) of the moleculeJ(w) 2 USesS® and incorporates a time constaat) measuring fast

is formally a function of five different frequencies: @, wu, motions at the individual site. Chemical exchange and slow mo-
{wn — on}, and{wy — wn). In the absence of any assumptions agtions are assumed to_ be negl'lglble. Model 3 empl8ysand a

to the form ofJ(w), measurement of the three relaxation param-ParameteiRe to quantify chemical exchange that may be occur-
etersTy, T», and the NOE will always be insufficient to uniquely 'ing at the site as reflected by increased line widths. Motions on
determinel(w). The “model-free” formalism of Lipari and Szabo both the fast and slow timescales in this model at the site of the
(1982a, 1982bprovides a suitable approximation for the spectral individual residue are assumed to be negligible. Model 4 in;ludes
density, characterizing the internal motions of a particlssN il of the parameterS?, 7¢, andRe,. Model 5 assumes that motions

bond vector in terms of a generalized order param@®rand an &€ significant on two different timescales, and thus also uses a
internal correlation timer.). time constant for slower motions, and the accompanying order

parametefsee Clore et al., 1990a, 19908 particular model was
concluded to adequately describe the motions derived from the
relaxation parameters {fl) each of theT;, T,, and the'>N{'H}
NOE values could be fit to within a 95% confidence limit; and
whereS? measures the degree of restriction of the motionand  (2) the value of each fitting parameter in the model exceeded its
contained in the relation/t = 1/7,, + 1/7¢, reflects the rate of calculated error. The simplest modelith the fewest parameters
these motions. As outlined by Farrow et €1994), we first cal-  meeting the above criteria was the one selected for a particular
culate a globat, which best fits all the date&5? andr, are then  residue.

J(w) = 2/5[S?7/(1+ w?72) + (1— S?)1/(1+ w?7?)] (2)
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