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ABSTRACT.-Recent applications of high-field nmr spectroscopy in the enzymology of 
biosynthesis are illustrated. The techniques involve the use of ‘H-, 3H-, 13C- and I5N-nmr to 
focus on individual steps of biochemical processes in the formation of natural products and re- 
lated enzyme-catalyzed events. In the first set of experiments, pulse labeling studies are used to 
uncover biosynthetic sequences in the porphyrin-corrin pathway. In the second type of nmr ex- 
periment, the application of ’H- and 3H-nmr spectroscopy has illuminated the course of certain 
key biosynthetic steps in the synthesis of porphyrins and B-lactam antibiotics. These methods 
have quite general application in biochemical and biological systems. Thirdly, the full magnify- 
ing power of the nmr “lens” is used to decipher molecular events during enzyme-catalyzed reac- 
tions in solution at subzero temperature and in the solid state. 

The study of the biosynthesis of natural products has recently been enriched by the 
application of high-field nuclear magnetic resonance (nmr) spectroscopy to examine the 
effects of feeding substrates labeled with stable isotopes in such juxtaposition that the 
timing of the making and breaking of C-C, C-0,  C-N, and C-H bonds during the 
assembly of a complex product from its constituent building blocks can frequently be 
reconstructed by post-mortem examination of the target molecule labeled with 13C, 
“0, 15N, and 2H. These methods depend on direct observation of isotopic shifts (‘*O, 
*H) on 13C-signals, on C-X spin coupling observation, and, more recently, by spectral 
editing and two dimensional nmr techniques which, for example, will filter out and 
edit all 13C-nuclei bound directly to ‘H. We now provide examples of some novel nmr 
techniques designed to probe the biosynthetic pathway at the single enzyme level. We 
first discuss a “hidden” pathway where it can be deduced that several methylating en- 
zymes are at work i n  sequence during the overall transformation of hexa-hydroporphyrin 
to corrin. Using the nucleus 3H, we next dissect the stages of the actual encounter of the 
small substrate, porphobilinogen (PBG),  with its enzyme (PBG deaminase), an event 
that initiates the first part of porphyrin (and corrin) synthesis. Turning to a more com- 
mon (but still mysterious) class of enzyme-catalyzed reaction, we describe both high- 
field ‘H- and 13C-nmr experiments that have been carefully designed to characterize 
small, labile product molecules released from enzyme and, more importantly, to detect 
transient covalent intermediates bound to enzyme, which are part of the catalytic 
machinery. The high molecular weights of these productive species (-20,000 MW) re- 
quire extreme rigor in defining the nmr parameters for their detection. An example 
from a cognate study of stable transition-state analog inhibitor complexes will be pre- 
sented. The technique of cross-polarized magic angle spinning is applied to the study of 
dynamic turnover in solid enzyme-substrate interactions, thus bridging the gap be- 
tween X-ray diffraction and nmr analysis of biomolecules. 

I. BIOSYNTHESIS OF VITAMIN B ~ ~ :  TIMING OF THE METHYLATION STEPS BE- 
TWEEN URO’GEN 111 AND COBYRINIC ACID.-The details of the pathway of corrin 
biosynthesis beyond the key intermediate uro’gen 111 (1) (1) are still incomplete. The 
first three enzymatic steps consist of successive C-methylations of uro’gen 111 at C-2 (2), 
C-7 (31, and C-20 (4), and the corresponding intermediates have been isolated in their 

’Presented as a plenary lecture at the “Biologically Active Nitrogen-Containing Natural Products: 
Structure, Biosynthesis, and Synthesis” Symposium of the International Research Congress on Natural 
Products at the University of North Carolina, Chapel Hill, North Carolina, July 7-12, 1985. 
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stable aromatized forms ( 5 ) ,  e.g., the 2,7-dimethyl isobacteriochlorin, sirohydro- 
chlorin (2 )  and its 20-methyl derivative, Factor I11 (3). In spite of an intensive search 
spanning the past ten years (6), the remaining steps are unknown with respect to isola- 
tion of intermediates containing four or more methyl groups (up to a possible of eight) 
but, as noted previously (l), the proven biochemical conversion of Factor I11 (3) to 
cobyrinic acid (4)  must involve the following events (see Scheme l), not necessarily in 
the order indicated: (a) The successive addition of five methyls derived from S-adenosyl 
methionine (SAM) to Factor I11 (3); (b) the contraction of the permethylated (seven or 
eight methyls) macrocycle to corrin; (c) the extrusion of C-20 and its attached methyl 
group leading to the isolation of acetic acid (7,8,4b); (d) decarboxylation of the acetic 
acid side-chain in ring C (C-12); and (e) insertion of Co2+. In order to justify the con- 
tinuation of our search for such intermediates whose inherent lability is predictable, we 
have applied '3C-pulse-labeling methods to the cell-free system from Propionibacterium 
shermanii (9), which converts uro'gen 111 (1) (1,9) and sirohydrochlorin ( 2 )  (3,lO) to 
cobyrinic acid (4) ,  a technique used previously in our laboratory to detect the flux of 
14C-label through the intermediates of alkaloid biosynthesis in higher plants ( 11). 

It was argued that the full methylation cascade could be differentiated in time, pro- 
vided that enzyme-free intermediates accumulated in sufficient pool sizes to affect the 
resultant methyl signals in the 13C-nmr spectrum of the target molecule, cobyrinic acid 
(4) ,  when the cell-free system is challenged with a pulse of "CH3-SAM followed by a 
second pulse of 13CH3-SAM (or vice versa) at carefully chosen intervals in the total incu- 
bation time (9- 10 h). By this approach, it should be possible to "read" the biochemical 
history of the methylation sequences as reflected in the dilution (or enhancement in the 
reverse experiment) of 13CH3-label in the seven methionine-derived methyl groups of 
cobyrinic acid after conversion to cobester (5 ) ,  whose 13C-nmr spectrum has been com- 
pletely assigned (1,12,13). 

e A 

Uro'gen 111 (1) 

P P 

Sirohydrcchlorin (Factor 11) R = H  (2) 
Factor 111 R=CH, (3) Cobyrinic acid R = H  (4) 

Cobester R=CH, (5 )  
SCHEME 1 

The validity of the method was tested in a preliminary experiment using a two- 
phase system. 13CH3-Methionine (90% 13C; 30 mg) was added to a whole-cell (100 g) 
suspension of P .  shermanii in phosphate buffer containing 6-aminolevulinic acid (20 
mg), in the absence of Co2+. Under these conditions, the cells produce uro'gen I11 (l), 
sirohydrochlorin (2), and Factor 111 (3), but no corrin. Cell disruption and incubation 
of the extract (10) with added Co2+ and pulses of '*CH,-SAM at varied intervals was 
monitored for differential methylation by isolation of cobyrinic acid, conversion to 
cobester (5 ) ,  extensive purification and, finally, l3C-nmr analysis of the enriched sam- 
ples (normally 50-150 pg). Optimization of these conditions led to the spectrum 
shown in Figure 1, which reveals a clear distinction between the peak heights of the 
seven methyl groups of cobester when compared with a spectrum obtained by adding 

testimony to the initial formation in whole cells of the 2,7-dimethyl isobacteriochlorin, 
I 13CH3-SAM at the outset. The high relative intensities of the C-2 and C-7 signals bear 
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sirohydrochlorin (2 ) ,  in the absence of Co2+. The differential dilution of methyl inten- 
sity in cobester not only suggests that free intermediates have accumulated, but that 
even in this qualitative experimnent, the sequence of methylation is revealed at C-2 = 
C-7>C-17>C-12a>C-l>C-5 =C-15, since the timing of the addition of ”CH3- 
S A M  dilutes the pool sizes of 13CH3-enriched methylated intermediates in the order in 
which they are formed. Thus, C-17 is the site of the fourth, C-12a the fifth, and C-1 
the sixth methylation. Note that the experiment does not distinguish C-5 from C-15 
(the seventh and eighth methylations) (14). 

Urogen 111 Cobyrinic acid 

c z ~ c 7  >C17>C12U>Cl >CS>C15 

c-129.1 

-2  

,I_ 

E-7 

I 

23 19 15 ~ r n  
125 MHz, broad band, ‘H-decoupled (1 w), 13C-nmr spectrum of 13C-enriched cobester (5) 
(270 kg in 0.5 ml KCN saturated benzene-d6) isolated from P. shermanii (see text for incuba- 
tion details). Chemical shifts are with respect to tetramethylsilane (TMS) at 0 ppm. Spectral 
parameters: spectral width, 30 ppm; pulse repetition rate, 0.7 sec; a, 65”. Spectrum repre- 
sents the s u m  of 5 1,382 free-induction decays (FIDs) with 2.0 Hz line broadening. 

Finer tuning of the experiment was achieved in the reversed pulse mode using apor- 
phyrin-free, cell-free system and unlabeled sirohydrochlorin (900 pg) (2) as substrate. 
Incubation with ”CH3-SAM was followed by apulse of 13CH3-SAM (15) after an inter- 
val (ca. 6 h), which allowed the accumulation of unlabeled intermediates. The resultant 
cobester(5) will bearonlyfiveenrichedmethyls, at C-1, C-5, C-l2a,  C-15, andC-17. 
The spectrum shown in Figure 2a provides striking confirmation and extension of the 
preliminary experiment in that the relative intensities of C- 12a and C- 17 are much 
lower than that of C-1, which, in turn, is differentiated from C-5 and C-15 (14), i.e., 
the pulse of 13CH3-SAM is diluted by an accumulated pool of unlabeled tetra- and 
penta-methyl intermediates and becomes available for more efficient labeling of the 
hexa-Hocta-methyl intermediates. Control experiments show that early pulsing (0-60 
min) leads to a spectrum of cobester showing approximately equal intensity of all five 
methyls after “normalization” for C-5 and C- 15 (14) (Figure 2b), while late addition 
(-9 h) affords unlabeled cobester. Thus, the complete sequence of methylation of 
uro’gen 111 can be described as C-2>C-7>C-2O>C-l7>C-l2a>C-l>C-5* C-15, a 
result which complements and extends a report on the differentiation of C-17 as the 
fourth methylation site in a pulse experiment with extracts of a different bacterium, 

FIGURE 1. 
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diH-Factor I1 c-l 
Cobyrinic acid 

IC-IS 

23 19 15 PQT 

FIGURE 2a. Spectrum of enriched cobester (5) (46 g), accumu- 
lated as in Figure 1, with 112,340 F I B .  See text 
for incubation conditions. 

(cell free system) 

I 
diH-Factor I1 

c-1 

Cobyrinic acid 1-% r7 

I I 

22.0 20,o 18.0 16.0 
PpIl 

FIGURE 2b. Spectrum of enriched cobester (5) (105 Fg), ac- 
cumulated as in Figure 1, with 79,080 F I B .  See 
text for incubation conditions. 
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-co, - 

dihydr-Factor 3 

Factor 5 
M=Co+ or Zn 

- 
S A M  

Factor 4 
M=Co+ or Zn 

CH, 

CH 

P 

Factor 6 
M=Co++ or Zn+ 

- 
S A M  

Factor 7 Factor 8 

- cn,co, n - 
Factor 9 Cobyrinic acid 

SCHEME 2 

Clostridium tetanomorphum (16). On  the basis of this sequence, we propose the structures 
shown in Scheme 2 as the targets of the search for the “missing” intermediates of corrin 
biosynthesis. For example, the pyrrocorphin structures suggested for Factors 5 and 6 
take into account the sequence C- 17 methylation, decarboxylation of the C- 12 acetate 
side-chain, and C- 12a methylation. Similarly, the structures of Factors 7 and 8 are pro- 
posed to rationalize the methylation of C- 1 and the hydration of C-20 as a prelude to the 
ring contractionlacetic acid extrusion (-Factor 9) for which we have used Eschen- 
moser’s in vitro analogy (17). The final methyl functionalizations at C-5 and C-15 (in 
Factor 9) are suggested tofollozu Co2+ insertion (1,18,19), since hydrogen0 cobyrinic 
acid is not involved in corrin biosynthesis (20). A metal complex template-not neces- 
sarily CO+++-may stabilize Factors 4-9. For example, zinc corphinate or pyrrocor- 
phinate structures can be promulgated for Factors 4-8, where M=Zn or Zn+, and the 
loss of acetic acid may well take place from the cobalt complex of Factor 9 based on the 
work of Nussbaum and Arigoni (2 1). These later steps, however, can only be defined 
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when the intermediates have been discovered. However, the most important implica- 
tions of the differential incorporations of SAM-derived methyl groups into cobester as a 
function of time are as follows: 

(a) Several stable enzyme-free intermediates must accumulate. 
(b) There appear to be at feast five “methylases” responsible for the uro’gen-corrin 

connection. Methylase I (C-2, C-7), which has already been shown (10) to transform 
uro’gen 111 as far as the mono- and di-methyl intermediates Factors I and I1 (2), 
methylase I1 (C-20), methylase 111 (C- 17), methylase IV (C- 12), and methylase V (C- 1, 

(c) The fact that cobalt-deficient cells produce substantial amounts of C-2, C-7, and 
C-20 methylated intermediates (as 2 and 3) but insufficient tetra-Hocta-methyl inter- 
mediates to perturb the ratio of methyl labeling in cobester (Figure 1) suggests that 
similar pulse experiments with Co2+ should define the point at which cobalt insertion 
takes place. 

In summary, the experiments described above (22) suggest that the search for com- 
pounds related to the structures suggested in Scheme 2 can now proceed with con- 
fidence. 

Further refinement of the experiment in which the incubation was pulsed with 
13CH3-SAM after an interval of only 3-4 h afforded a spectrum of cobester (5) in which 
the signal C-17 had almost disappeared, leading to complete differentiation between 
the methylation times for C- 17 (3-4 h) and C-12a (4-6 h) (Figure 3). This implies that 
discrete methylating enzymes are involved at these two centers and at C-2/7, C-20, C- 
1, and C-5/15 (22), and that, finally, the possibility of isolating the missing factors, 
perhaps as their complexes with metals other than cobalt, can become a reality. 

C-5, C-15). 

diH-Factor I1 

c-1 

1) ”CH3-SAM 

2) I3CH3-SAM 
L 

Cobyrinic acid 

I I I 

23.3 20.0 PPM 16.7 

FIGURE 3 .  Spectrum of enriched cobester (5 )  (SO Fg), accumulated as in Figure 1. See 
text for incubation conditions. 
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11. DIRECT OBSERVATION OF ENZYME-SUBSTRATE COMPLEXES BY TRITIUM 
Nmr SPECTROSCOPY.-The central role of uro’gen 111 (1) in heme, chlorophyll, and 
corrin biosynthesis has captured and maintained the interest of bioorganic chemists in 
the mechanism of action of the two enzymes required for the synthesis of 1 from por- 
phobilinogen (PBG, 6) .  We now describe recent nmr experiments with the first of 
these enzymes, PBG deaminase (EC 4.3.  I.@, which catalyzes the head-to-tail conden- 
sation of 4 mol of PBG (6) to pre-uro’gen, whose release and stabilization as the 
(hydroxymethy1)bilane (HMB, 12) has been the subject of extensive investigation (23- 
26).  HMB may cyclize chemically to uro’gen I (13) or serve as the substrate for uro’gen 
111 cosynthetase (EC 4.2 .1 .75)  to form uro’gen 111 (1) (Scheme 3) .  

P 

chemical 

P A 

Cosynthetase 

c P 

Uro’gen 111, 1 

A=-CH,CO,H 

chemical - 
A P A 

HMB, R=’H,  12 Uro’gen I, R=’H,  13 
R=3H, 12a R=3H, 13a 

P=-CH,CH~CO,H 

SCHEME 3 

Deaminase (MW-36,000) from human sources (27 ) ,  Rhodopseudomonas spberoides 
(28-30),  and Euglenagracdis ( 3  1,32) forms stable covalent complexes bearing up to four 
condensed PBG units. It has been suggested (27-32) that the amine function at C- 11 of 
PBG is replaced by a nucleophilic “X” group at the active site of deaminase, where 
X=O, S, or NH to form 7-10 (Scheme 3) .  The introduction of 13C enrichment at C- 11 
should allow observation of the chemical shift for the new CH,X group in the region 
25-60 ppm. In our hands, experiments using {2 ,1  1-l3C,IPBG to label the complexes 
7-10 provided no 13C-nmr evidence for enrichment above natural abundance either in 
the above complexes or in the proteolytic digests ofthe mono-PBG complex (27 ,28 ,33)  
due to the combination of large line widths and high density of resonances in the region 
of interest. This result contrasts with a recent claim (32 )  for 13C-signal enhancement 
near 42  ppm, consistent with amine hnctionality at the active site (7, X=NH). In 
view of the high natural abundance profile neat 40 ppm in the ‘3C-spectrum of 
deaminase (32 ,33)  and the resultant ambiguity of assignment in the CH,X region, we 
sought a general solution to structural problems in covalent enzyme-substrate com- 
plexes where the lack of a “window region” precludes rigorous assignment and now des- 
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cribe the first application of tritium, a nucleus of high sensitivity and low (< nat- 
ural abundance (34), as an nmr probe of chemical shift in the environment of a produc- 
tive covalent complex of enzyme and substrate. 

f2,6,6,11, 11-3H,IPBG (6a) (35) (132 Ci/mmol) was synthesized from 13,3,5,5- 
3H4]-5-aminolevulinic acid (ALA) (36) by the action of ALA dehydratase from R.  
spheroides (37). The 'H-decoupled 3H-nmr spectrum of 6a (Figure 4i) confirmed the 
position of 3H-labeling by comparison with the 'H-nmr spectrum of PBG. The reso- 
nancesoccurat 6.69(C-2, CT), 4.15 (C-11, HCT), 2.62(C-6, HCT), and2.56ppm 
(C-6, CT,). The tritiated PBG was rapidly mixed with highly purified (>95%) 
deaminase (38) 14000 units (39)I from R. spheroides and the covalent complexes sepa- 
rated from small molecules by gel filtration on G-50 Sephadex. Analysis of the concen- 
trate by analytical gel electrophoresis showed it to be >90% of the monopyrrole com- 
plex (27,28) (7a; 16 mCi). The 3H-spectrum (Figure 4ii) of7aexhibits resonances (40) 
at 6.18 (C-2, CT), 3.28kO. 1 (pyrrole-CHT-X-Enz), and 2 .4820.1  ppm (pyrrole- 
CT,CH,CO,H) at 5.5"C. At 23" (Figure 4iii) the signals at 6.18 and 3.28 pprn disap- 
pear and are replaced by new resonances at 3 .5820.1  {meso methylenes (CHT) of 
uro'gen I (13a) and methylenes (CHT) of complexes 8-10, R=3H), 2 .75k0.1 
(CT,CH,CO,H of 8-10, Rx3H) ,  2 .4820.1 [CT,CH,CO,H of uro'gen I (13a)], and 
4.69 ppm (HOT, exchanged from C-2-also present in Figure 4, spectra ii and iv). The 
formation of uro'gen I (13) (whose 3H-chemical shifts are identical with the corre- 
sponding CH, resonances in the 'H-nmr spectrum) in absence of free PBG is ascribed to 
disproportionation of complex 7a via 8-10 whose methylene (CHT) and side-chain 
groups (C-T,CH2C02H) can be observed along with those of uro'gen I in the signals at 
3.58, 2.75, and 2.48 ppm. Such a disproportionation also accounts for the disappear- 
ance of the signal at 3.28 ppm, which would be expected to lose up to 90% of its origi- 

2.48 

t N ,  

2.48 

tii i)  

FIGURE 4 .  (i) 'H-decoupled 320 MHz 3H-nmr spectrum of 
[2,6,6,11,11-3H5]PBGatpH8.0, 25" .  (ii) 'Hde -  
coupled 320 MHz 3H-nmr spectrum of 
[2,6,6,11,1 1-3H5]PBG deaminase complex at pH 
8.0, 5 . 5 ' .  (iii) Same as (i i)  but at 23". (iv) Same as 
(ii) plus unlabeled PBG (950 Fg) and after 40 min 
at 3.5" and 6 h a t  23'. 



Sep-Oct 19851 Scott: I3C-nmr Study of Biosynthetic Mechanism 697 

nal intensity, on the basis of the statistical randomization of 3H-label, from 
7a-8-9-1O-13. 

To demonstrate the catalytic competence of the monopyrrole complex 7, unlabeled 
PBG (6) was added to the 3H-complex 7a at 3.5” and the formation of uro’gen I moni- 
tored by 3H-nmr. At 3.5” ,  a transient low-intensity signal was observed at 4.76 ppm, a 
chemical shift consistent with the vinyl (R) hydrogen of the azafulvene (lla) (41). On 
warming to 23” (Figure 4iv), sharp resonances for unbound uro’gen I (13a) appeared at 
3.58 (20-meso CHT) and 2.48 ppm (propionate CHT) corresponding to the ‘H-chemi- 
cal shifts in an enzyme-free sample of uro’gen I (38). 

The large line widths of the spectrum in Figure 4 (spectra ii and iii) (- 150-300 Hz) 
reflect an environment in which the active site of the enzyme is probably buried within 
the protein. The line width of the propionate side chain also suggests that it is cova- 
lently attached or ionically associated with the protein, which is consistent with litera- 
ture reports on the inhibitory effects of PBG analogues (42-46). The 3H-chemical shift 
(3.2820.1 ppm) of the methylene directly attached to the enzyme allows conclusions 
to be drawn as to the nature of the nucleophilic group “X” in Scheme 3 .  That the 
methylene could be bound to the oxygen of a serine residue is ruled out, inasmuch as 
HMB (12) and its methyl ether have chemical shifts of 4.4 and 4.2 ppm, respectively 
(38). Model studies (47) predict 6 3.9 for methylene attached to amine, while the ob- 
served value (3.28kO. 1 ppm) is more consistent (49) with a thioether linkage (7a, 
X=S). We therefore suggest that the active-site nucleophilic group in deaminase is a 
cysteine thiol residue or, less probably, an amino group (7a, X=NH),  which, on cova- 
lent binding to C-11 of PBG, leads to an upfield shift of -0.6 ppm from the antici- 
pated value of 3.9 ppm. The former possibility is supported by the observation that 
deaminase is reversibly inhibited by sulfhydryl blocking reagents (50). 

The example of deaminase discussed above (5 1) represents a specific and unique case 
of stabilization of a productive intermediate due to insufficiency of substrate. We now 
discuss the more general and technically more difficult problem of studying enzyme 
mechanism by direct nmr methods. 

STUDYING ENZYME MECHANISM BY ‘3C-nmr.-Almost all enzymatic pro- 
cesses utilize multistep reactions during catalysis, and the characterization of each of 
these stages is essential if one is to understand enzyme mechanism at the molecular 
level. Earlier investigators have used spectrophotometric methods for characterizing 
enzyme-catalyzed reactions, whereas inhibitors that form stable “transition state 
analogues” have been examined by other techniques that require long periods of data ac- 
cumulation, for example, X-ray analysis. However, the advent of nmr and its sub- 
sequent use in enzymology are beginning to provide a novel and penetrating probe for 
elucidating enzyme mechanism by directly characterizing intermediates formed in 
catalysis. The studies of “transition state analogues” allow access to the unique proper- 
ties of enzymes that enable them to stabilize labile intermediates and therefore achieve 
their remarkable catalytic efficiency. We discuss first the structures of an enzyme-in- 
hibitor adduct of the serine protease, trypsin, and compare the results of direct observa- 
tion by 13C-nmr with the structural information inferred by more classical techniques. 
We then review the powerful combination of nmr and cryoenzymology. The develop- 
ment of this technique, whereby enzyme-catalyzed reactions are studied at subzero 
temperatures in aqueous organic solvents (cryosolvents), allows such reactions to be 
slowed down and can prolong the lifetime of enzyme-substrate intermediates (5 2) .  

Scheme 4 shows the generally accepted mechanism for the hydrolysis of an amide 
function by a serine protease and is representative of the mechanism for all the hydro- 
lyses. To confirm this mechanistic pathway, the visualization and rigorous characteriza- 
tion of productive tetrahedral intermediates and acyl enzymes by I3C-nmr is the ulti- 

111. 
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mate goal, and we now discuss the progress made so far, particularly with the serine and 
thiol proteases. 

In the domain of synthetic inhibitors, chloromethylketone derivatives of specific 
substrates are potent irreversible covalent inhibitors of the serine proteases, alkylating 
the active-center histidine at N-2 (see Scheme 4). X-ray crystallographic studies (53) 
led to the suggestion that, in addition to the above alkylation, there was also nuc- 
leophilic attack by the active-center serine hydroxyl to form a hemiketal, which is 
stereochemically analogous to the tetrahedral intermediate purported to occur during 
catalysis. 

To test this suggestion, trypsin was inhibited with the highly specific reagent Nu- 
carbobenzyloxylsylchloromethylketone (54) (RCOCH,CI), labeled in the ketone car- 
bon with 90% 13C, for it was predicted that a tetrahedral adduct, if formed, would be 
directly observable by this technique. In aqueous solution (Figure 5a), RCOCH,Cl 
exists as a mixture of the ketone (6=204.7 ppm) and its hydrate (6=95.4 ppm). At pH 
3.2 no alkylation or inhibition of the enzyme is observed and the spectrum of 
{13C=O]RCOCH2CI is unperturbed (Figure 5, b and c), showing that at low pH there 
is no detectable binding or tetrahedral adduct formation prior to alkylation. At pH 6.9 
there is rapid, irreversible inhibition, and resonances due to both {13C=0]RCOCH2C1 
and its hydrate are replaced by a single resonance at 98.0 ppm (Figure 5d), an indication 
that the 13C-enriched carbonyl of the inhibitor is tetrahedrally coordinated in the in- 
hibitor-enzyme adduct. Denaturation of the trypsin led to reappearance of a carbonyl 
resonance (205.5 ppm) and a decrease in the intensity of the resonance at 98.0 ppm. 
This demonstrates that the tetrahedral adduct formed by the attack of the serine 
hydroxyl on the inhibitor carbonyl and characterized by the resonance at 98.0 pprn re- 
quires an intact trypsin structure (55). 

In the above experiments with ['3C=O]RCOCH2Cl and trypsin, it is difficult to 
discount the possibility that the resonance at 98.0 ppm could result from hydration of 
the carbonyl of the covalently bound inhibitor. However, the use of ''0 isotopic shifts 
on the 13C spectrum of the tetrahedral adduct has now shown the adduct is indeed 
formed by nucleophilic attack of the Ser'95 hydroxyl group (56). 

THE QUEST FOR TRUE INTERMEDIATE STRUCTURE: CRYOENZYMOL- 
%Y.-The detection and characterization of a productive acyl intermediate by 13C- 
nmr during catalysis with natural substrates at ambient temperatures is not possible at 
present, because there is an inherent lack of sensitivity in 13C-nmr spectroscopy. There- 

IV. 
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R' 'CH,-(N-3,H'S 
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FIGURE 5. The I3C-nmr spectra of (a) NQ-carbobenzyloxylsyl- 
chloromethylketone (RCOCH,Cl); *= I3C, 90% 
enrichment; 47.6 mM (by weight); 1 mM HCI; 
D,O, 16.7% (by volume); volume, 0.6 ml; 1660 
accumulations; pH 3.1; (B-D) 20 mM sodium 
phosphate; 12.5% (by volume) D,O; 10,000 ac- 
cumulations; trypsin, 0.28 mM (concentration of 
fully active enzyme); volume, 8 ml. The 
RCOCH,CI concentrations, p H  and enzyme ac- 
tivities were as follows: (b) 0.00 mM, 3.2, 100%; 
(c) 0 .38 mM, 3.2, 100%; (d) 0.37 mM, 6.9, 
0.06%. All spectra were accumulated on a Bruker 
WM300 WB spectrometer at 75.4 MHz for I3C 
nuclei. 

fore, the lifetimes of these intermediates must be extended into the domain of the nmr 
experiment. One approach is to use synthetic substrate analogues that deacylate slowly. 
Another is to utilize low-temperature cryoenzymological techniques to extend the 
lifetimes of intermediates. 

Because the 13C resonances of the carbonyl carbon of thioesters are shified (A 20 to 
30 ppm) upfield relative to their oxygen analogues (6.. 165 to 185 pprn), 13C-nmr 
spectroscopy should allow the direct monitoring of the formation and decay of a 
thioacyl intermediate. Using '3C=01N-benzoylimidazole (6= 168.7 ppm), we were 
able to observe directly a thioacyl intermediate at 6=195.9 ppm in the presence of 
papain under the cryoenzymological conditions of -6" in 25% aqueous dimethyl sul- 
foxide (57) (Figure 6). Moreover, the thioacyl species is clearly a productive inter- 
mediate since the decrease in its signal intensity was accompanied by an increase in the 
product resonance and by release of free enzyme (half-life, = 96 min) determined by 
titration of its thiol group. The line width of the resonance at 195.9 pprn was 2 5 f 5  
Hz . 

The trypsin-catalyzed hydrolysis (Figure 7) of the highly specific substrate N"-car- 
bobenzyloxy-L-lysine-p-nitrophenylester (Z-lys-pNP) has been studied in detail under 
cryoenzymological conditions by both spectrophotometry (58) and 13C-nmr spectro- 
scopy (59). The kinetic data from both techniques confirm that the kinetics and 
mechanism under cryoenzymological conditions are essentially the same as those deter- 
mined at ambient temperatures by rapid reaction techniques. The hydrolysis of [I- 
l3C1Z-lys-pNP ( S  in Figure 7a, 6= 173.6 ppm) by trypsin was monitored by the de- 
crease in intensity of this signal and the increase in the signal arising from the product 
(Pz in Figure 7a, 6= 177.7 ppm) at -2  1' in 41% aqueous dimethyl sulfoxide (Figure 
7). The continued formation of product (P2) after all the substrate has been consumed 
(Figure 7b) provides indirect evidence for an enzyme-bound intermediate whose line 
width is much greater than that of the free substrate or product and is therefore not di- 
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+ HzO --.+ RS-+ D C O O H  
0 

RSH= Papain 

231-276min 

186-23 1 min 

141-186 rnin 

195.9 ppm 

FIGURE 6.  
Reaction of 1.7 mM papain (72% ac- 
tive enzyme), 5.4 mM KCI, 25% (by 
volume) DMSO, 0.1 M sodium for- 
mate buffer (pH 4.1), and 23.6 mM 
benzoylimidazole. [ I3C=O]Benzoyli- 
midazole was added at 0'; after 15 min 
the reaction was cooled to -6', and the 
nmr data acquisition commenced 6 
min after the reaction was initiated. 
Spectra represent 10,000 accumula- 
tions recorded sequentially starting 6, 
51, 96, 141, 186, and 231 min after 
adding benzoylimidazole (57). The 
spectral range shown is 192 to 200 
PPm, 

rectly observable in the individual 13C-nmr spectra of Figure 7. Improvement of the 
signal-to-noise ratio by summation of sets of the individual spectra in Figure 7 made it 
possible to use difference techniques and allowed direct observation (Figure 8b) at - 2 1" 
of a resonance (a= 176.5 ppm) that was assignable to the acyl enzyme on the basis of its 
chemical shift and the kinetics of its breakdown-formation. Experiments at - 1.5" 
(Figure 8a) showed that the acyl intermediate was much more readily detected at this 

a $ 
195 O / b1:.6 K s  k O/ II Y5 

N H Z  I 
+ +NO2 

-2~ E-Ser-0-CCCH(CH2)qNH3 
I 

I 
E-Ser-OH + C- tH(CH2)4NH3 4 

b l 7 7 . 7  / NHZ 

O'' NHZ 

+ 
E-Ser-OH -t H02CCH(CH2)4NH3 

195 J 
P2 Pl 

FIGURE 7a. Reaction of fl-I3C]Z-1ys-pNP, 0.83 mM; active trypsin, 0.7 mM; 1 mM HC1 (apparent 
pH, 3.2); and 40% (by volume) DMSO (sample volume, 10 ml; sample temperature, 
-2 1'); NHZ, carbobenzyloxy-. The reaction was initiated by the addition of[ l-"C]Z-lys- 
pNP; after mixing ( c l  min) nmr data acquisition. 
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E-OH = Trypsin 
b pH = 3 2, -2loC, 41% DMSO 

,(CH2)rNH; 

' NCOCHzPh 
0 = ''C, = CH 

H $1 
0 

3 12 21 30 39 3 57 
Spectrum No. 

Each Spectrum = 21 Min. Of Accumulation 

FIGURE 7b. Commenced within 3 min. Each spectrum (1 to 58) represents 10,000 accumulations (time 
per spectrum, 41  min) recorded sequentially (59). The spectral width was 0 to 220 pprn, 
but only the region from 172 to 180 is shown. 

higher temperature, the resonance being clearly resolved in individual spectra as a 
result of the smaller line width of the resonance at - 1.5" compared to that at - 2 1" 
( 2 2 2 3  Hz and 1002 10 Hz, respectively). This illustrates one of the main difficulties of 
a combined nmr-cryoenzymological approach in which the line width of enzyme-bound 
species increases dramatically as the cryosolvent viscosity increases on lowering the 
temperature. 

SOLID-STATE m r  AS A PROBE FOR ENZYME-SUBSTRATE STRUCTURE .-The 
basis for all of the nmr studies with proteases has relied heavily on the crystal structure 
determination of the enzyme andor enzyme complex at the active site (60). Inasmuch 
as the phase change from solid to solution may well involve considerable conformational 
alteration, the correlation of the two physical methods (X-ray, nmr) in the same phase 
would be a desirable objective in furthering our understanding of enzyme mechanism. 
Our final theme concerns the application of solid-state, cross-polarized magic angle 
spinning (cpmas) nmr spectroscopy to the direct observation of the hydrolysis of a slow 
(pseudo) substrate catalyzed by an enzyme. Magic angle spinning (mas) nmr has already 
been shown to be a powerful technique for the study of solids generally (61) and has 
been used extensively on inorganic systems (62). 

The crystal structures of several complexes of the metalloenzyme, carboxypeptidase 
Aa (CPA) (EC 3.4.17. l), have been examined in considerable detail. The structure of 
the complex with glycyl tyrosine (Gly-Tyr) has been refined to 2.0 A resolution (63,64) 

V. 
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FIGURE 8. The 13C-nmr spectra ofthe reaction 
of (a) [l-'3C)Z-lys-pNP, 1.8 mM; 
active trypsin, 0.64 mM; 1 mM 
HCI (apparent pH, 3.02); and 40% 
(by volume) DMSO (sample vol- 
ume, 10 ml; sample temperature, 
- 1.57. The reaction was initiated 
as described in Figure 7,  and 
spectra 1 to 15 (not shown) were re- 
corded sequentially in the manner 
of Figure 7b. Each spectrum re- 
sulted from 5000 accumulations 
(time per spectrum, 20.5 min). A 
10 Hz exponential weighting factor 
was used. Spectra 1 and 2 represent 
the sums (25,000 accumulations of 
spectralto5andspectrallto 15, 
respectively). Spectrum 3 is the dif- 
ference between spectra 1 and 2.  
Spectrum 4 is spectrum 1 from 
which natural abundance trypsin 
and product have been subtracted. 
(b) The free induction decay spectra 
from which the spectra in Figure 7b 
were obtained were added together 
in groups of ten. Spectrum 5 repre- 
sents the s u m  of spectra 2 to 1 1  (of 
Figure 7b). Spectra 6 to 9 represent 
progressive subtractions of added 
spectra 12 to 21, 22 to 31,  32 to 
41, and 49 to 58 from which prod- 
uct and natural abundance trypsin 
resonances had been subtracted. 

and reveals, among other things, interactions between the amide carbonyl oxygen and 
the catalytically essential zinc, and between the amide nitrogen and the hydroxyl of 
tyrosine-248 (Tyr-248) (Figure 9a). The proposed mechanisms for hydrolysis of peptide 
and ester bonds by CPA have relied heavily on these crystal structures, but a clear dis- 
tinction between the possible roles of glutamate-270 (Glu-270) in nucleophilic attack 
either by general base catalysis (Figure 9a) or by covalent anhydride formation (Figure 

FIGURE 9. (a) Represents Gly-Tyr bound to CPA showing the indirect at- 
tack of Glu-270 promoting the attack of a water molecule on the 
substrate's amido carbonyl group polarized by interaction with 
zinc. (b) Represents direct attack of Glu-270 on the substrate's 
amido carbonyl forming an anhydride. 
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9b) remains a major unresolved problem. Indeed, it is not yet certain whether esters and 
amides are hydrolyzed by CPA via identical mechanisms (65). 

Gly-Tyr was synthesized as both the E'jCI-amido (90 atom % enrichment) and 
amido-[13C, 15N1 (90 atom % and 99 atom % enrichment, respectively) isotopomers by 
known methods (66). CPA, purchased from Sigma as a suspension in toluene, was 
crosslinked (67) and soaked with Gly-Tyr as described previously (63) and the washed, 
dried crystals examined by solid-state nmr. The 13C cpmas nmr spectrum of the 13C-en- 
riched Gly-Tyr (Figure loa) displays residual (68) 13C-14N quadrupolar coupling 
(6= 176 ppm]. However, the 13C cpmas difference spectrum ofCPA and the CPNGly- 
Tyr complex (Figure lob) displays asinghresonanre(6 178 ppm, LW% 60 Hz) revealing 
that, under the experimental conditions, thc peptide bond of this slow-reacting sub- 
strate has been cleaved to the extent of >go%. In order to confirm this result, doubly 

a il cpmas 

i b 
Difference spectrum between crosslinked 
CPA with and without I3C Gly-Tyr '*N 
quadrupolar interaction absent 

1- I I I 
170 70 PPm 

FIGURE 10. 25.15 MHz solid state I3C cpmas spectrum of(a) amido-f'3C)Gly-Tyr, *= 13C, and (b) the 
difference cpmas spectrum of CPA and CPA/[ I3C-amido)Gly-Tyr complex. All spectra are 
4 K data points with 10 Hz line broadening. (a) Represents 1076 scans and (b) is the 
weighted difference of 58,027 scans and 50,225 scans. 

ltjeled amid~-[ '~C,  "N}Gly-Tyr (Figure 1 la) was bound to CPA under identical con- 
Litions and the complex examined by 15N cpmas nmr spectroscopy. As can be seen from 
Figure 1 la, the 15N resonance of the substrate (6 120 ppm) is sufficiently broad (LW% 
325 Hz) to conceal the 15N-13C one-bond scalar coupling (J= 16 Hz). In the enzyme 
complex (Figure 1 IC), the observed 15N resonances correspond to the amide region of 
CPA(seeFigure l l b ;  6 122 LWM=400Hz)andanamine(69)(642ppmLW?h=250 
Hz), respectively. We infer from these experiments that we are observing either the first 
stable intermediate of the catalytic pathway, i.e., the anhydride of the cleaved glycine 
residue bound covalently to Glu-270 (Figure 9b), or the boundglycine accompanied in 
either case by the second product, tyrosine (Figure 1 Id) also bound to CPA, since in a 
separate experiment it could be shown that no unbound tyrosine or glycine was present 
in the complex. A distinction between the two glycine species (anhydride or acid) can- 
not be made in this experiment because the 13C-chemical shifts of the carbonyl(s) in 
both the anhydride and the acid are within the observed chemical-shift range. The dis- 
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I5N cpmas /rHC0- 
b CPA 

d Difference C - B  

FIGURE 11. 20.28 MHz solid-state I5N cprnas spectrum of (a) arnid~-[~~C,~~N}Gly-Tyr, +=I3C, 
e= "N, (b) CPA, and (c) CPA+amido-['3C, 15N]Gly-Tyr. All spectra are 1 K data points 
with 100 Hz line broadening. (a) Represents 8884 scans, (b) 80,000 scans, while (d) repre- 
sents the difference between (b) and (c). 

tinction is, however, realized by the use of FT-IR difference spectroscopy which indi- 
cates that, at least after several days, tto anhydride (Figure 9b) is present. However, 
these preliminary experiments clearly indicate the feasibility of simultaneous X-ray and 
cpmas nmr studies, especially with slow substrates. In summary, a method of some 
generality for reaching the long-sought correlation between X-ray diffraction data, the 
resultant geometry of a substrate undergoing slow catalysis, and the corresponding nmr 
chemical shifts for selected atoms in the enriched substrate, obtained under identical 
conditions, is now available through the use of the cpmas technique, which can be 
further complemented by FT-IR difference spectroscopy. 

From the discussion presented in this section, it is clear that the stage is now set for 
intensive research into the mechanism of enzyme action with cryoenzymology. Al- 
though most of the enzymes discussed above lie in the molecular weight range of 
20,000 to 35,000, an upper figure of -50,000 probably represents the maximum con- 
venient size for 13C-nmr studies on currently available superconducting instruments 
with substrates and inhibitors. 

Finally, we can expect exciting developments in the application of 13C solid-state 
nmr spectroscopy to structural problems in enzyme complexes, a field which, although 
still in its infancy, already shows considerable promise (70). 
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