
5043 

50 r 

Figure 3. Irreversible inhibition of Ehrlich ascites tumor thymidylate 
synthetase by 5-iodoacetamidomethyl-2'-deoxyuridine 5'-phosphate (I). 
Double reciprocal plot of the pseudo-first-order rate constant of inacti
vation (&app) vs. inhibitor concentration. The values ki and K\ were de
termined from the intercept and slope. 

enzyme proceeds through the dissociable complex EI in the 
equation: 

k\ k3 

E + 1^=^ [EI] —*-[EI*] 
kl 

The model13 for this type of inhibition has been described for 
cholinesterase,14 trypsin,15 and carboxypeptidase.16 

A plot of the reciprocal of the pseudo-first-order rate con
stants (1/fcapp. obtained from the slope of the lines in Figure 
2) vs. the reciprocal of the concentration of I (Figure 3) ac
cording to the equation 

V * . P p - * ^ + l / * 3 

gives a Zc3 for the rate of inactivation of 0.057 min ' and K\ of 
70 ^M which is in reasonable agreement with a K\ of 68 /uM 
for I calculated from the reciprocal plot shown in Figure 1. 
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13C Nuclear Magnetic Resonance Probe of the Active 
Site of Carbonic Anhydrase 

Sir: 

We wish to report the successful introduction of a 13C NMR 
probe into the active site of carbonic anhydrase (carbonate 
hydrolyase E.C. 4.2.1.1) and its initial use to elucidate im
portant ionization features of the active site. The catalytic 
activity of this zinc metalloenzyme1 is known to depend on the 
ionization of an active site group with pKa ~ 7 whose identity 
remains in considerable dispute.N4 Human carbonic anhydrase 
B (HCAB) was reacted with 90% [l-13C]bromoacetic acid, 
an active site directed reagent, under conditions5 known to lead 
to the highly specific NT-monocarboxymethylation of histidine 
200 in the amino acid sequence.6 This active site residue has 
been found in the crystal structure to lie within a few Ang
stroms of the essential zinc metal.7 The carboxymethylated 
enzyme (CmHCAB) is known to possess its own intrinsic CO2 
hydration8 and esterase9 activities that vary between 2.5 and 
20% depending on pH and substrate used. 

A 13C NMR spectrum of the enzyme modified with en
riched bromoacetic acid shows only one peak that is not present 
in either HCAB or unenriched CmHCAB.10 This relatively 
sharp (about 6 Hz line width) resonance is about three times 
larger than the underlying broad envelope due to the natural 
abundance signals from the 314 other carbonyl carbons of this 
28 900 mol wt enzyme. It is thus due to the single carbon of 
the enriched carboxylate of CmHCAB. In order to test the 
ability of this potential NMR "probe" to monitor active site 
events, a titration of the enzyme was carried out while simul
taneously measuring the chemical shift of the enriched car-
boxyl. Figure 1 demonstrates that between pH 5 and 10.5 the 
probe senses multiple ionizations that must originate in or 
affect the active site. The smooth curve in Figure 1 is a theo
retical fit using a model of two independent ionizing groups 
with pA"a of 6.0 and 9.2 affecting the resonance. 

Reasonable assignments of these pKa values to active site 
ionizing groups can be made. The pH 6.0 inflection is almost 
certainly due to the ionization of the imidazole side chain of 

Figure 1. Variation of the chemical shift (Me4Si scale) of the enriched 
carboxylate 13C NMR resonance of CmHCAB with pH at 25 0C and 0.2 
ionic strength (adjusted with Na2SO4 or K2SO4). Spectra were obtained 
at 25.1 MHz on a Jeol PFT-IOOP/EC 100 FT NMR system using 10-mm 
sample tubes. Enzyme concentration varied between 1 and 6 mM. All 
samples contained 10% D2O for locking and 2-5 M! of dioxane as an in
ternal shift standard (dioxane assumed at 67.40 ppm downfield of Me4Si). 
The pH was adjusted by dialysis against buffers and the pH was measured 
immediately before and immediately after spectra were obtained, rarely 
changing by more than 0.02 pH units. Smooth curve represents a theo
retical fit (see text). 
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Figure 2. Effects of inhibitors on chemical shift of the '3C NMR resonance 
of the enriched carboxylate of CmHCAB at pH 7.9 ± 0.1. Each spectrum 
is the difference generated by subtracting the spectrum of the uninhibited 
enzyme (negative peak marks position of enriched carbon signal) from 
the spectrum taken in the presence of the indicated inhibitor (positive peak 
indicates new position of enriched carbon signal). Spectral width shown 
is 14.2 ppm, negative peak is at 174.54 ppm, and shifts range from a 
downfield 0.83 ppm for nitrate to an upfield 3.88 ppm forp-carboxyben-
zenesulfonamide (PCBS). PAMBS isp-aminomethylbenzenesulfonam-
ide. Spectra are proton decoupled. 

histidine 200 (deprotonation of the nitrogen not bearing the 
carboxymethyl group). The 1.9 ppm downfield shift on de
protonation associated with this ionization is comparable to 
the 3.1 ppm downfield shift observed10 in the corresponding 
carboxyl group of iVT-carboxymethyl-L-histidine upon de
protonation of its imidazole ring. The 9.2 inflection is tenta
tively assigned to the ionization of the zinc-bound water ligand. 
The downfield shift on deprotonation is consistent with the 
removal of a positive charge from the vicinity of the carbox
ylate.1 ' Note that there is evidence to rule out a direct inner-
sphere coordination of the carboxyl to the metal, at least when 
Co(II) replaces the zinc.9 Support for this assignment also 
comes from observations on the pH dependence of the spectral 
changes of Co(II) substituted CmHCAB9 and from pH per
turbations of NMR signals of C-2 protons of histidines ten
tatively assigned to the three zinc ligands in a 270-MHz 
study12 of HCAB and CmHCAB. It is worth noting that in this 
latter study a titrating resonance with pKa of 6.14 was tenta
tively assigned to histidine 200 of native HCAB. Thus our 
observations appear to lend support to this assignment of the 
1H NMR study.13 Our present findings also provide an ex
cellent basis for identifying the group with pA"a of 6.1 recently 
found by Whitney to influence iodide inhibitor binding in 
CmHCAB14 and to affect the visible spectrum of 
Co11CmHCAB.914 

The probe gives additional promise of providing microscopic 
ionization constants in complexes of the enzyme with inhibitors 
and substrates. Figure 2 shows that the chemical shift at pH 
7.9 is very sensitive to inhibitor binding at the active site. Two 
main types of carbonic anhydrase inhibitors are represented, 
the monoanions and the aromatic sulfonamides. Studies are 
currently in progress to resolve the observed shifts of Figure 
2 in terms of contributions from intrinsic changes of the 
chemical shift of the various ionization states and contributions 
from alterations of the pKa values. This and many other aspects 
of the active site properties are currently being pursued using 
this promising probe, and attempts are being made to similarly 
label other histidines in both the B and C isoenzymes using ' 3C 
enriched reagents. 
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The Structure of Q* Nucleoside Isolated from Rabbit 
Liver Transfer Ribonucleic Acid 

Sir: 

The Q nucleoside which is located in the first position of the 
anticodon of E. coli tRNATyr, tRNAHis, tRNAAsn, and 
tRNAAsP has been assigned structure I;1,2 the relative stere
ochemistry of the cyclopentene substituents have been deter
mined as 3,4-trans and 4,5-cis on the basis of NMR compari
sons with synthetic models.3 We have recently shown that the 
tRNA's of various animals contain a new nucleoside Q*, and 
that the Q* content is generally more abundant than that of 
Q.4 In particular it is to be noted that hepatoma cells have 
larger quantities of Q* as compared to normal cells.4 In the 
following, we show that Q* nucleoside isolated from rabbit 
liver consists of a mixture of 2 (major) and 3 (minor); it is the 
first tRNA nucleoside to contain a sugar moiety in the side 
chain,5 and is the most structurally complex nucleoside thus 
far known. 
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