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Dcuteron spin-lattice relaxation times of specifically labelled methyl Nacetyl-D-glucouminidcs associated to lysozyme 
were measur-d from ‘H and ‘H NhIR spectra through bandshape analysis and ET inversion-recovery tcclrniquc. respectively. 
hlodel calculations were carried out in order to assess the limits of the extreme narrowing approkimstion for the systems 
studied. Rotational correlation times of the acetamido methyl groups were analyzed in terms of anisotropic overall reorien- 
tation combined with internal rotation_ The acctamido methyl group undergoes fast internal rotation in the a-flycoside 
complex about an axis nearly parailcl with the major ellipsoidal axis of lysozymc. More rotational freedom is likely to oc- 
cur in the e~lycoside complex 

1. Introduction 

Detailed structural information is available nowa- 

days for many enzymes through X-ray crystallograph- 
ic strrdies. This is not the case for enzyme-substrate 
complexes whose molecular topography is generally 

not accessible to direct experimental observation on 
account of the short lifetime and low concentration 
of these complexes. This difficulty may be circum- 
vented to some extent by using substrate-like, or in- 
hibitor, molecules that form stable complexes with 
the enzyme. One of the best examples was given by 
D.C. Phillips’ group [Z ,221 through X-ray determina- 
tion of the three-dimensional structure of stable com- 
plexes of lysozyme with the inhibitors N-acetytD- 
glucosamine (NAcGlc) and its HI-4) trimer. it was 
this structure determination that provided a sound 
basis for theories aimed at explaining the mechanism 
of the glycoside cleaving reaction catalyzed by Jyso- 
zyme [3 -51. 

Reactions catalyzed by soluble enzymes, like lyso- 

zyme, take place, however, in solution. Therefore. it 

is reasonable to assume that, in addition to the static 
structural information obtained through X-ray crystal- 
lography, a knowledge of the dynamic molecular topo- 

graphy of the enzyme-inhibitor (EI) compleses in solu- 

tion would be of great importance for rationalizing 
molecular events that occur during an enzyme-catalyz- 
ed reaction. 

MvlR spectroscopy has been shown to furnish use- 
ful structural and dynamical information in the liquid 
state which permit to gain some insight into both as- 
pects of the enzyme-inhibitor (or, possibly, the en- 
zyme-substrate) interaction. Of special interest. in this 
respect, is the relaxation of deuterium nuclei. and 
mainly for two reasons: (i) relatition of z H is almost 
exclusively dominated by the quadrupolar mechanism 
and (ii) only itrtramolecrrlar motions contribute to the 
relaxation process. This is not the case. for instance, 
with proton relalcation since, generally, both intra- 



and intermolecular interactions as well as more than 
one relaxation mechanism may contribute to the 
measured relaxation time. The advantages of using “H 
relaxation for studying molecular reorientations have 
been extensively discussed [6]_ It is to be noted that, 
for investigating the molecular motions of a species 
participating in a chemical equilibrium, it is essential 
to have a unique reIaxation mechanism since the sep- 
aration of various contributions to the observed re- 
laxation time cannot, in general, be done (by chang- 
ing the concentration or temperature, for instance) 
without disturbing the equilibrium. 

As a first step towards studying the molecular dy- 
namics of a small moIecule bound to the active site of 
an enzyme we set out to investigate the interactions 
between lysozyrne and the inhibitors, methyl LY- and 
P-N-acetyl-D-ghrcosaminides (Me OL- and P_NAcGlc). It 
is well known [7,8] that lysozyme binds these mono- 
saccharides specificahy at subsite C of the active site. 
Apparent association constants [9] and kinetic data 
[IO] characterizing this association process were de- 
termined by NMR spectroscopy. It was also shown 
[l 1 ] through the charge transfer interaction between 
the Trp-62 residue of Iysozyme and an electron accep- 
tor group attached to Me cr-NAcGlc that this complex 
is similar in structure to that of monosaccharide in- 
hibitors in solution (as determined by NMR) on the 
one hand. and in the crystalline state (X-ray analysis), 
on the other. Thus, the structures of EI complexes of 
lysozyme with monosaccharide inhibitors are fairly 
well known and sufficient evidence exists to indicate 
that the solution structures are similar to those deter- 
mined by X-ray analysis in the crystalline state. 

On the basis of this knowledge it was our purpose 
to investigate the applicability of the 2H spin-lattice 
relaxation approach to molecular dynamics of EI com- 
plexes using the well-known system Lysozyme - me- 
thy1 2-acetamido-Zdeoxy-D-glucopyranosides. 

The N-acetyi group pIays an essential role in bind- 
ing of these giycosidic inhibitors to lysozyme. it was 
shown [12J that more than half of the total free ener- 
gy of association between iysozyme and NAcGic can 
be accounted for by the interaction of the enzyme 
with the N-acetyl group. This is in agreement with the 
crystallographic result [I ,2] showing that the N-acety1 
group is involved in two hydrogen bonds out of the 
four that “tie” the NAcGlc molecule to subsite C. 
Therefore, the N-acetyi methyl group was selected to 

obtain rotational correlation times characteristic of 
the molecular motion of the EI complexes of lyso- 
zyme with Me LY- and &NAcGlc. These correlation 
times were obtained by measuring the spin-lattice re- 
laxation times of deuterons built into the N-acetyl 
methyl group of these inhibitors. Following iabelied 
compounds were used: Me o-NAcdr-Gic (l), Me P_ 
NAcdI-Glc (2), Me o-NAcd3-Glc (3) and Me D-NAc- 
d,-Glc (4)_ 

Measurement of the relaxation time at ooze specific 
site of the inhibitor molecule conveys motional infor- 
mation only about that part of the molecule where 
the label (‘H nucleus) had been attached (in our case 
the NAc methyl group)_ In order to obtain a complete 
motiona picture muIti@y Iabelled inhibitors should 
be used. Such studies are now in progress in our 
laboratories. 

2. Methods 

2. I. Measurement of %f spin-lattice relrrurtion times 

“H spin-lattice rela-xation times [r,(2H)1 can be 
measured either via direct observation of ‘H reso- 
nance (mostly by pulsed FT methods [e.g. 131) or in- 
directly, through bandshape analysis of the proton(s) 
spin- coupled to the ZH nucleus under study. The 
latter method was developed and extensively used by 
Lehn and coworkers [6]. Also, its merits and draw- 
backs were thoroughly discussed in ref. [6]. 

Because of its significantly less instrument time re- 
quirement, in this work, the latter experimental ap- 
proach was generally used. An iterative least squares 
program was written for extracting T1(2H) values 
from the proton bandshape of the CH,D-CO group. 
The bandshape equation given by Rintzinger et al. [ 141 
was used in the fitting procedure i.e. the apparent pro- 
ton spin-spin relaxation time, T;(‘H), was included 
into the diagonal elements of the bandshape matrix 
[15]. It was found that it is essential to have a good 
proton 7’: value in order to get reliable values for the 
ZH spin-lattice relaxation times since an equally good 
fit could be obtained for a different T, (2H) using 
T;(‘H) different from the right one. T;(*H) values 
were therefore obtained in separate experiments 
(section 4.1) and fed into the bandshape program as 
input data. Occasionally. T,(%)‘s were also measur- 



ed by the direct method using the standard inversion- 
recovery FT technique 1161. 

2.2. Ejfects of chemical exclmttge ott the rehz~ariott 
behaa?vnr 

If molecule t containing the relaxation vector (in 
our case the C-D bond) undergoes chemical exchange 
between “free” and “bound” environments according 
to the simple scheme, 

k, 
Is+1 a EI, 

k4 

the spin-lattice relaxation time of a given nucleus in 
molecule I will depend on the rate constants k,, k,. 
k3 and k,, where k, and k2 are the rotational rate 
constants of the relaxation vector in the “free” (I) 
and “bound” (El) state, respectively. 

The problem of coupling the relaxation phenom- 
ena and chemical exchange has been treated by several 
authors (for references, see [I 71). Here we use the 
formulae given by Anderson and Fryer [18] which are 
pertinent to our case. The observed rela_xation rate, 
(TI ,&*, in the extreme narrowing limit, is 

(TLohs)-l =WQ+/;d +fz_/X_), (I) 

where 

+ [(kl f k+‘-- k2 - k# f k3k4F ] ‘I21 

k+--1 
Q*=n Cl-(I-k_)C], 

-I-- - 

I-k_ 
Q-=, [I-(l-k+)C], + - 

with k, = k&X,_- k, - k,F) and C = [EI]‘/[Io] the 
complexed fraction of I, F= [E,] - C[$,] the con- 
centration of the free E molecules- [Eu ] and IIt, ] de- 
note initial analytical concentrations. 

For quadrupohr relaxation the interaction con- 
stant B is equal to s (e2sQ/fi)2 - It has been shown 
El&] that in the limiting case when k,. k4 <k,. k,, 

(TL Qd --I = C B,‘kz t Cl- C) B/k, 

= C(z-&’ + (1 -C) (T&l, (31 

where TIf and T,, are the relaxation times in the free 
and complexed environments, respectively. 

Outside the extreme narrowing limit, i.e. when the 
inequality h+, X_ B w. does not hold, rl ,,hs depends 
on o0 118) 

f Q-/x_ 4Q_ /L 

1+(cd,/X_)~ * 1+4(oo/x_)’ ’ 1 
(4) 

where w. is the I-armor frequency in rad s-l of the 
nucleus under study. 

3. Experimental procedures 

bis (Acetic-dl ) artlt_vdridc W;FS prepared [19] from 
ketene by bubbling it through deuterium oside 
(Merck, UVASOL, 99.75% isotopic purity). 

Itietlryl c~ uttd /3-N-ucetyl-d 1 -2-n,,zi,lo-2-de~.-D- 

gIucopymnosides (Me a- and /3-NAc-dl -Glc), 1 and 2. 
Glucosamine-HCl was selectively N-acetylared 17_0] 
with bis(acetic-d*)anhydride and the resulting 
N-acetyl-dI-Zdeoxy-2-amino-o-D-glucopyranose was 
treated [?I] with methanoi in the presence of a cation 
exchange resin, BIO-RAD AG-SOWSX (H+-form). 
The mixture of the anomeric methyl giycosides, 1 and 
2, was separated 1211 on a charcoal-Celite column 
using water-ethanol as eluant. Alternatively, the 
p-anomer, 2, was also prepared [?,I] through Koenigs- 
E&-torr reaction from N-acetyl-d ,-3,4,6-tri-o-acetyl- 
2-amino-2_deoxy-cz-D-glucopyranosyl chloride [ZO] 
and methanol, followed by Odeacetylation with 
sodium methoxide in methanol. 

i\fetll_vl a- attd B_N-tzcet_vl-d, -2-amitw-2-iieo_q~- 
D-glucopvrattosides (Me cy- and /WAC-d, Clc), 3 and 
4. These compounds were prepared in the same man- 
ner as described for 1 and 2 using acetic-d6 anhydride 
(Merck, 98% isotopic purity). 

3.2. Preparatictt of the sntttples 

Lysozyttze, twice crystallized and salt-free, was ob- 
tained from Worthington (code LYSF) and used with- 
out any further treatment for the direct Tt(“H) deter- 



mination. For T, measurements by the bandshape 
method, a 10% solution of lysozyme in water was dia- 
lyzed against 10e3 mol dme3 acetic-da acid in water 
for 48 hours at 2-S” to remove the acetate which was 
present In the commercial preparation. No acetate 
could be detected by NMR after this treatment. The 
dialyzed sample was then Iyophilized from deuterium 
oxide 2-3 times. The enzymatic activity was checked 
before and after each series of measurements by spec- 
trophotometric determination [23] of the rate of lysis 
of Micrucucczts Lysodeikticzts cells (Worthington). No 
significant change of enzymatic activity occurred 
during measurements. Enzyme concentrations were 
determined from the UV absorbance at 280 nm using 
a molar absorbance coefficient [24] eXI = 3.6 X IO4 
mol-1 cm-l. 

Since it is known 1241 that ionic strengths higher 
than 0.08 inhibit the enzymatic activity of lysozyme, 
aII relaxation time measurements were carried out at 
pH ~6.0 in 0.066 mol dm-3 phosphate buffer (ionic 
strength 0.08). D20 and H,O were used for the 1H 
and “H measurements, respectively. The pH values 
refer to direct meter readings. Stock inhibitor solu- 
tions (2 X IO-’ mot dmL3 and 4 X IO-* mol dme3 
for lH and LH work, respectively) were prepared with 
the above buffers, and a starting enzyme-inhibitor 
solution was obtained by adding an amount of lySo- 
zyme fo an ahquot of the stock solution so as to get a 
complexed mole fraction, C = [El] /]I0 1, of about 
G-08 -0.1 for the inhibitor_ Cis easily calculated on 
the basis of the simple equilibrium, E f I =+ EI. If the 
apparent association constant, K = [El] /[El [l], is 
known, 

-4&J [Io] K2~1~2Jr![I,] K, 

where [E. ] and [In ] d enote the analytical concentra- 
tions in mol dm -3 of the enzyme and the inhibitor, 
respectively. This calculation was included into the 
program RCT (vide infra). The starting solution was 
then diluted with the stock inhibitor solution so that 
the complexed fraction was gradually decreased while 
the inhibitor concentration remained constant_ 

3.3. IVMR measrrremenfs 

A Varian XL-lOO/lS NMR instrument, equipped 

with Varian S 124X FT accessory and a 620L 16K 
computer, was used. For bandshape analysis, the 
CH,D proton triplet was recorded in c-w. mode. using 

SO Hz sweep widths and 0.05 Hz 5-l sweep rate. The 
spectra were manually “smoothed” and digitized by 
takjng the signal amplitudes at every 0.1 Hz. Only the 
right half of the triplet was considered; the left part 

being distorted by the presence of the residual methyl 
resonance (cf. ref. [14]). Up to 3035 data points 
were used in the calculation of the 2H spin-lattice re- 
laxation times. 

Direct rl (2H) determinations were carried out at 
15.36 MHz employing the standard FT inversion-re- 
covery technique [ 161. The accuracy was checked by 
reproducing published 1253 rt (2H) value of CDCI, 
(measured: 1.45 eO.03 s; lit. 1251: 1.47 s-+4%). For 

reasons of sensitivity compounds 3 and 4, containing 
fully deuterated methyl groups, were used at a con- 
centration of 0.04 mol dme3. 

13C spin-lattice relaxation times, Tl( l3 C), were 
measured at 25.16 MHz using the FT inversion-recov- 
ery method 1161. NOE values for 13C nuclei were ob- 
tained by gated rH noise decoupling and subsequent 
integration of individual resonances. The accuracy of 
Tt(13C) measurements is estimated to be of S--IO% 
and that of NOE values 10%. 

All measurements were done at ordinary probe 
temperature of 30 C lo using 12 mm o-d_ sample tubes_ 

3.4. Dam unal_vsis 

The bandshape analysis was performed essentially 
in the manner described in ref. [14]. A program 
(QRT) was written in ALGOL for an ODRA I204 
computer. This was a modified version of the original 
program by Kintzinger 1261. Input data were the dig- 
itized experimental spectra. Tt(2H), Ti(tH) and 

JH,D, the proton-deuteron spin-spin coupling con- 
stant, may be iterated to obtain a least squares fit be- 
tween experimental and computed spectra, However, 
for reasons mentioned in section 2.1, T;(lH) values 

were determined from the CH, -CO proton line widths 
of Me or-NAcGlc and fed into the program as input 
data. The error in T1 (2H) data obtained in this way is 

generally fess than 10% and typically is around 5% 
(see table 2). 

The T1 (2H) values were fitted to eqs. (1) and (4) 
using an iterative program (RCT) in which all of the 
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Fe. 1. Semilog plot of T1 versus C for a quadrupolar nucleus 
of spin 1 in molecule I undergoing rotational relaxation and 
chemical exchange. FoIIowing constants were used in eq. (1) 
B = 4.3 X 10” se2 (quadrupolar coupling constant 170 kHz), 
k,/k* = 103. kl/X-, = 1. The number nest to ach curve gives 
the ratio k4/k,. 

rate constants, k,, k,. k, and k4 could be iterated. 
However, with k3 and k4 as we11 as kl being known 
from independent measurements (section 4.1) the 
number of unknown parameters was reduced to one 
(k2) which greatly improved the reliability of the cal- 
culzted k2 value. Output of the program was the value 
of k, = r~;,~ and TI, (see section 4.1). 

4. Results and discussion 

%I_ Detet-nriruziiorl of TIC and k2 

In order to obtain motional information aboclt 
molecule I in the EI state we have to know the spin- 
lattice relaxation times in fIris environment (Z-t,). In 
view of the rapid equilibrium and, associated with it, 
the Iow concentration of the EI species, T,, is inacces- 
sible to direct measurements. Its value can, however, 
be derived by extrapolating T1 abs to the limit C = l- 
Two problems emerge at this point: (i) the rate con- 

stants k,. k,. kj arld k4 must be known; (ii) decision 
must be made as to whether eq. (I) or (4) is the cor- 
rect one to be used in the extrapolation procedure (in 
other words, whether or not the extreme narrowing 
condition is valid for the system under study). 

It has been shown [18] that plots of T1 ohs versus 
C yield characteristic curves for different k,/k, ratios. 
Calculated curves (using eq. (I)) for a quadrupolar nu- 
cleus in molecule f are shown in fig. 1. As it cam be 

L. _ I 
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I-+ ~. 2. Semilog plot of TI versus C for a qusdrupotar nucleus 
of sfin I calculated from eq. (1) (extreme narrowing use, 
EN) and eq. (4) (non-extreme narrowing case, NEW. Con- 
stants used are B = 4.3 X 10” s-*. wo = lo* rad s-’ (the ap- 
proximate Lxmor frequency of the ?H nucleus in a 2.35 T 
magnericfield). lil = 10” s-l_ k2 = IO’S_’ (A): kl = lO”s-‘, 
kz = lo8 s-* (B). The number nekt to each curve gives the 
ratio k4 IX-2 _ 

seen, for small values of k_+/k, (i.e., when dissociation 
of the EI complex is slow with respect to its reorienta- 
tion rate) T, ohs decreases rapidly with increasing com- 
pIexed mole fraction. Numerical evaluation of T, ohs 
versus C using eq. (4) gives, for small k4/kz ratios, dif- 
ferent curves in the extreme narrowing (A,, A_ 9 wO) 

and the non-extreme narrowing (A,, X_ G wo) case5 

(e.g. curves a and d in fig. 2). This difference diminishes, 
as expected, on approaching the extreme narrowing 
limit (compare curves f and gj_ On the other hand, 
both eqs. (1) and (4) predict identical relaxation be- 
haviour when k,/k, S- 1 (curves e and h). It is clear 
therefore that, studying r, obS as a function of C, the 
extreme narrowing and non-extreme narrowing cases 
can only be distinguished when “true” complex for- 
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Table 1 Table 2 
Association and rate constants for lysozyrne -Me CC- and 
&NAsGlc complexes 

‘H spir&ttice relzxation times for the CHzD-CO groups in 
Me a-NAc-d~Glc and Me p-NAc-dlClc in the presence of 
varying amounts of lysozymc 

Constant hfe a-NAcGlc Me &NAcGlc Condi. 
tions 

Ref. 

K&nor ) 25.6-r3 34.51-4 pH=S.S [lOI 
no buffer 

19.2*1.4 30.3=4 pH=S.S Pl 
0.1 M citrate 

0 

ka(mot-‘a-‘) l.4’0.7X105 1.6=0.8X 10’ pH=5.3 
no buffer 

VOl 

k&-r) 5.5=2.1x103 4.5,_1.7x103 pH=S.3 I101 
no buffer 

mation takes place (i.e. when k&-, 4 1) in the sys. 
tern studied. 

8.60~ lo4 
2.17XlO-3 
2.32x 10-a 
5.35x 10-3 
1.31x10+ 
2.29x lO+ 
3.35x 102 
6.8oX1o-z 
7_9ix10-= 

In deriving the values of rate constants k,, k,, k3 
and k4 (point (i) above) we may proceed as follows. 
For a quadrupolar nucleus of spin 1 in molecule I, X;, 

= rt& can be caiculated from the relaxation time of 
this nucleus in the “free” inhibitor, T1,, [I5 1 

(T&l = 2 (&Q/fi) ifree. (5) 

The remaining constants, k2. k3 and k4 may be ob- 

tained by fitting T, ohs as a tundion of C to eqs. (1) 

or (4). A similar approach has been used by Brivard 
and Lehn [27] in a study of molecular dynamics of 
zr.-~~ complex formation. Since the values of k3 and xi, 
for complexes of lysozyme with Me OL- and &NAcGlc 
are known the number of parameters to be fitted can 

be reduced to one (&). The relevant literature data on 
the association and rate constants are summarized in 

table 1. 

al Manured directly by the FT inversion-recovery technique 
on the CDS-CO 2Hsigrral of hfe a-NAc-d3GIc. 

h) Dais point wzs not used in the fitting procedure on account 

of the high error. AU measurements were done in phosphate 
buffer in D20 (Hz0 for the direct ‘C-I determinations) at 

30+1”, pH=6.0 (meter reading), ionic strength 0.08, inhibi- 
tor concentration C.02 mol(O.04 mol for the direct ZH 
measurement). Errors given are standard deviations. Num- 
bers in parentheses @e the number of padlet TX meaure- 
menrs. 

It can be seen that the reIaxation times obtained by 
the FT method are, in both cases, ea. 20-30% larger 
than those from the bandshape analysis. This differ- 
ence is significantly greater than the estimated error 

(* 10%) in either of the two methods. The reason for 
this discrepancy is not clear at present. We have there- 
fore measured the UC spin-lattice relaxation times 

The results of the +i spin-lattice relaxation time 

measuremeirts are shown in table 2. The majority of 
these data were obtained through bandshape analysis. 
The TG(lH) values used in the calculations (section 

2.1) were taken front the half-widths (LruU2) of the 
N-acetyl methyl ‘H signal measured in cr.NAcGlc as a 
function of the complexed fraction C (fig. 3). Extra- 

polation to C = 1 gave A~112 o,rr,plex = 12Hz for the 
linewidth of the bound inhibitor in agreement with re- 
ported [28I results, &l/Z o,r,., 
T;,L(‘H) vahres obtained from t 

reX - LO-20 Hz. 
K e curve in fig. 3 were 

used for the &momer as well. 
Values of kl = 72 were calculated with the aid of 

ec-. (5) using TI c2ii) data for C = 0 taken from table 2. 

d cxd 
Frg. 3. Proton half-widths (Avr,s) var~us complexed fraction 
Kc) for the acetyl methyl resonance of Me u-NAcCk. 

C= [EWIol TICS) 

hte &NAc-d tGlc 

0.294~0.014 (5) 0 0.272~0.004 (4) 
0.3603 0.3602) 
0.274kO.016 (3) 9.74X IO* O.220?0.017 (2) 
0.219=0.026b(2) 2.43x 1O-3 0.237+0.008 (2) 
0.2tioa) 6.06X 10-3 0.200~0.004 (3) 
0.233+0.0001(2) 1.51X10-= 0.164’0.003 (3) 
0.165+0.002 (2) 3.71X10-* 0.139?0.007 (4) 
0.136”) 8.95X lo-= 0.105~0.001 (2) 

0.102=0.007 (3) 
0.086a) 
0.093=0.003 (3) 
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Fig. 4. Tl(‘H) values as a function of the fraction of bound 
inhibitor for Me EC- (triangks) and @-NAcGlc’s (circles) mcas- 
ured by the bandshape method (open) on the CH2 D-CO 
group or by the n inversion-recovery technique (full) on the 
CD3 -CO group. Theorer ical lines (- a-anomer, ----- 
fl-anomer) were calculated using eqs. (1) (for A) and (3) 
(for 8). 

and NOE enhancements for aI1 the carbon atoms in 
Me a-NAcGIc. The following values were obtained 

c&onatoms C-l C-2 - C-S C-6 CH3-CO CH30 

?-I(% (s) 0.77 0.77-0.86 0.69 1.81 2.22 
NOE 2.95 2.95 2.95 3.00 3.00 

Since the NOE for the acetyl methyl carbon shows 

Table 3 
Data obtained as a result of fitting esperimental Tt(‘H) values 
to eqs. (1) and (3) 
_ -- -.-- 

‘compl (s) kz(s-‘) CT,& (s-1) 

Lysozyme - 3.13xlo-‘o 3.2~ IO9 134.4 
Me o-NAcGlc (2.42X lo-‘*) (4.1 x 109) (104-O) 

Lysogme - 1.79x IO-‘* 5.6x IO9 76.8 
Me p-NAcGlc (1.44X lo-‘* ) (6.9X 109) (61.9) 

Data from eq_ (3) are given in parentheses. 

that it is relaxed 100% by the dipolar 

can calculate rfree from eq. (6) [291 

r, (13C)_-I = lw’$7p5 Tfree. (6) 

Taking rCH = 1.08 A, we obtain rr_- = 7 .S X 10-1’s 

for the N-acetyl methyl carbon atom. From eq. (5) 
we obtain 7.8 X lo-I2 s and 6.5 X IO-‘2s for rfKe 

using T, (‘H) values of 0.294 s (bandshape analysis) 
and 0.360 s (FT method), respectively, in the case of 
Me rr-NAcGlc. Clearly, neither of these data is accurate 
enough as to permit a choice between them. We have 
therefore used a value of 7 X IO-12 s for ifree in both 
Me (Y- and P-NAcGlc. 

mechanism, we 

Fig. 4A shows the data of table 2 in graphical form 
as well as the best fit curves obtained by using eq. (1). 

Exactly the same calculated curves were obtained 
with eq. (4) showing that the relevant rotational cor- 
relation times (or rotational rate constants, k, and k2) 
are such that the extreme narrowing approximation 

can be applied to this case. In the fitting procedure 
k, and k4 (table 1) were taken to be 1.4 X 10s moV1 
s-l and 5.5 X lo3 s-t for Me or-NAcGlc and 1.6 X 10’ 
mol-ls-l and 4.5 X lo3 5-l for Me j3-NAcClc, tespec- 
tiveIy_ The quadrupote coupling constant, e’q@, 

was taken to be 170 kHz, a value generally accepted 
[6,30\ for this type of C-D bond. Support for this 
choice was obtained from the comparison [31-33) of 
our Tt (UC) ami Tt(2H) data which gave 158 and 
175 kHz with TI(‘H) = 0.360s and 0.294s, respec- 

tively_ 
Employing the constants given above, the fit of 

T1 (‘H) data (table 2) to eq. (1) yielded the values 
shown in table 3 _ It is noteworthy that k, for Me & 
NAcGlc agrees remarkably with the value (4.5 X 10’ 
s-t at 40’) determined [34] by proton T2 measure- 
ments for Me &NAcGlc complexed with lysozyme 
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co~ta~~~g Gd(fIl) ion attached to the active site. 
Comparison of k, and k, with X-, and k4 shows 

that eq. (3) applies equaliy well since fir. k2 s k,, k4_ 
This indeed is the case; [Tt(*H)]-” shows a linear de- 
pendence on the complexed fraction (fig. 4B). Vafues 

obtained from the fit to eq, (3) agree within experi- 
mental error with those obtained using eq. (I) (table3). 

4.2. bncrnul rotation wirhirl the Eiconzpkx 

rcompi_(= I /kzf represents an “effective” correla- 
tion time resulting from the overall motions of the EI 
compfex as a unit and local motions of the CH,D- (or 

CD, -) group within this complex. In order to analyze 
the effective correfation time in terms of overall and 
internal motions we need to know the rotational cor- 
relation time (rc) of the lysozyme moi+cule itself. 
Dubin et ai. [35] reported rc = IOT8 s at 20° from 

tight scattering measurements, while application of 
the Stokes-Einstein equation gave 1361 about haifof 
this value. Campbell et al. f37] recently found rc = 
2.8 X 1O-gs at 25O from protan NOE measurement. 
It seems probable that the fatter tw5 values are too 
law since for parvatbumin, a protein similar in size to 
lysozyme (MW 12 OOO), rc = 1.2 X IOe8 j has been 
found both from light scattering [38] and Tr(‘3C) 
and DC NOE measurements [39]. Moreover, from 
13C T, and NOE data af a-carbon atoms in Iysozyme, 
7;: = 8.5 X 10-9s has been reported [403 at 30”. This 
is also in agreement with rotational correlation times 
of 8-10X 10-9 s obtained [4i -441 through fluores- 
cence depolarization of Iysozyme labelled with a flu- 
orescent dye. 

From these data it is evident that rc is longer by 
more than one order of magnitude than the effective 
correlation time (rcampl, ) obtained experiment&y for 
the acetamido methyl group rotations. Such a differ- 

ence indicates that the methyl group undergoes inter- 
nal rotation with respect to the overall tumbling of 
the EI compIex. In the crystalline state the sugar mol- 
ecule is fixed to subsite C by four hydrogen bonds, 
two of which are directed towards the C=O and NH 
groups of the acetamido portion of the molecule (cf. 
section I). It seems plausibie to assume that a similar 
situation prevails in solution too. Such an arrange- 
ment permits the acetamido methyl group to rotate 
around the CH3 -CO bond. The effect of internal rota- 
tion is to decrease the relaxation rate compared to the 

case when no internal rotatian is present. Several the- 
oretical modets have been sugested for this type of 
motion but only two of them will be considered here 
because they apply outside the extreme narrowing 
limit as welt. 

a) Isotropic rotational reorientation combined with 
internal rotation_ 

This type of molecular motion has been treated by 

Woessner j45] in the case of dipole-dipole relaxation. 
Based on this theory, Andrasko and Forsin [30] de- 

rived expressions for the quadrupolar spin-lattice re- 
laxation rates when ‘i; -=Z z-C (rr is the correlation time 
for internal rotation)_ Assuming the Same conditions 
to be valid in our case, the correlation time for inter- 
nal rotation can be expressed as 

(?-&’ - 133.1 
+= 

r 
1.14x 1012 - 

To obtain this expression we used i-c = IO -8 s. With 
negligibly small rr, (7) predicts ---I35 s-l as the lower 
limit for the relaxation rate in the EI complex 

[(T&l l- 
b) Anisotropic overall reorientation with internat 

rotation. 
This is a more realistic modei since the shape of 

the iysozyme molecule is known to be [35] a prolate 
ellipsoid of revoIution with dimensions of 48 X 26 A. 
Woessner et al. [46] have shown that when a group is 
undergoing internal rotation around an axis the mo- 
tion of which, in turn, is characterized by two rota- 
tional diffusion constants, R L and R1, the spectral 
densities depend on three diffusion constants (RI. R2 
and Dt, where D1 is for the internal rotation) and two 
an$es, 0 and Q. In our case B is the angIe between the 
electric fieid gradIznt principal axis at the deuteron 
and the internal. rotation axis while angIe dc is defined 
by the latter and the R2 axis of the ellipsoid, The ex- 
pressions giving the spectrai densities are rather com- 
plex but they can often be simplified (471: (i) if the 
axial ratio of the: ellipsoid is known, this gives R rfR2; 
(Ii] when the internal rotation is very fast, i-e. D, %- 
RI, R2, the second and third terms of eqs. (12) and 
(15) of ref. [#] vanish and the following equations 
are obtained for the spectral densities, irrespective of 
whether the internal rotation is described by a rota- 
tional diffusion process or by random jumps between 
three equivalent positions 



h = 1,2, (8) 

with 

-1 - rA -6R,. ,--I = R, f 5R,, ‘B i& -’ =4R, + m,, 

.h (ri) = ‘3;-/ [ 1 + (/ZW,ri)‘] ) 

BAl =$ (1 -3 cost c!t)’ (1 -3 cos7_ ep, 

BBl =; sin~2~(1-3ccls%)~, 

Bcl =$ sin4cr (I - 3 cos”0)‘. (9) 

In our case fI may be taken equal to the tetrahedral 
angle. R2 is the rotational diffusion constant of the 
lysozyme molecule about its minor axis. The rota- 
tional diffusion constant (16.7 X 106 s-1) obtained 
from light scattering measurements is associated just 
with this motion [351_ From the axial ratio, 48126 
= 1.846, we get 16.7 X 1.846 X lo6 s-t ~30.8 X IO6 
s-l for R,. This leaves us with one unknown, cy, in 

eqs. (8) -(9). Since or cannot be determined from our 
experiments we have calculated 

J@Q) + 4J*C+J) = Tcompl. 

for a series of a values ranging from 0” to 180” _ Using 

the constants (R,. R2 and 8) given above we got the 
following diagram (fig. 5). The corresponding relaxa- 
tion rates can be readily calculated From eq. (10) [15], 

Assuming, as before, the quadrupole coupling con- 
stant equal to 170 kHz, the relariation rates corre- 
sponding to the extrema of the curve on fig. 5 are, 

similarly, 

(T&S = 309 s -1, -1 
(T&$ ~-323s . 

The limiting values of the calculated relaxation rates 
in both models are determined by the rotational car- 
relation time (r,__ of iysozyme- We have seen that 
realistic values of a-, vary between 8-12 X 10mQ s 
urhich corresponds to a change from 140 S-I to 124 s-l 

50 SO 130 d 

Fg. 5 _ Variation of 7con,p,. 3% 3 function of the an$c Q bc- 

twers the internal rotation ais and the major cllipsoidalaxis 
of the lysozyme mofecuIc. 

in (TIC)-’ for the isotropic case. On the other hand. 
experimental relaxation rates (table 3) are influenced, 
in addition to the experimental errors of the relaxation 

time measurements, by the inaccuracy of the quadru- 
pole coupling constant (estimated error 5 10%) and er- 
rors in the extrapolation procedure itself. 

Taking into account these uncertainties, rhe esti- 
mated rela.xation rates, using either the isotropic mod- 
el [es. (t)] or the anisotropic approximation with 
Q - 0”, agree fairly well with (T&j-t measultd in the 
Me wNAcGI~ complex (table 3). This result sugests 
that, within the frame of the anisotropic model, (i) 
the internal rotation of the acetamido methyl is fast 
(0, * R ,, R1) in this complex and, (ii) the rotation 
axis is nearly parallel (a - 0’)) with the major ellip- 
soidal axis of the lysozyme molecule. 

In contiast to the case above, for the Me &NAcGlc 

comple?c consistently smaller relaxation rates (table 3) 
were obtained than the minimum values calculated 
with the assumption af fast internal rotation in either 

the isotropic [(TI,) -* = 13 1 s-l 1 or the anisotropic 

[(T&t = 135 s-t ] models. Since the difference be- 
tween the extrapolated relaxation rates in the two 
comple?ces could hardly be attributed to any syste- 
matic experimental errors, the low value of (TIC)-l in 
the Me &J-NAcGlc complex could be interpreted by as- 
suming that, in addition to the rotation around the 
CHj-CO bond, there is another degree of rotational 
freedom for the acetamido methyl group. It seems 
plausible to assume that the structures of the glycoside 

complexes are closely analogous to those of the free 
monosaccharides (at least so far as the binding of the 
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acetamido side chain is concerned) as determined 
from X-ray CrystaIIography [ 1,2]_ If this is the case, it 
is difficult to imagine an additiona internal rotation 
(about an axis eke than the CH3-CO bond) in an ace- 
tamido group anchored to the enzyme by two hydro- 

gen bonds. At the present stage of our work we cannot 
offer a simple explanation for this discrepancy and, 
clearly, mare experimental work is needed to clarify 
this point. 

5. Conclusion 

Measurement of the deuteron spin-lattice relaxa- 
tion times of specifically labelled inhibitor molecules, 
participating in an association equilibrium with en- 
zymes, offers a convenient approach for studying 
molecular motions of the inhibitor within the EI com- 
plex. 

Comparison of the relaxation rates of deuterons, 

built into the acetamido methyl groups of methyl 
Nacetyl glucosaminide inhibitors, with the results of 
model calculations shows that in the Me a-NAcGlc - 

lysozyme complex the acetarnido methyl group is 

likely to undergo fast internal rotation about an axis 
which is nearIy parallel with the major ellipsoidal axiS 
of the lysozyme molecule. 

The smaller relaxation rate found in Me P-NAcGlc 
&mplex is tentatively attributed to a second rotation 
within the acetamido group in addition to the CH3 - 
CO internal rotation. Such a model seems to be at 
variance with X-ray crystallographic results obtained 
with (il- and @-NAcGlc - lysozyme complexes. 
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