
mechanism for mutations to be accommo- 
dated during the  coevolution of high-af- 
finity binding partners. 
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A Low-Barrier Hydrogen Bond in the Catalytic 
Triad of Serine Proteases? 
Theory Versus Experiment 

Elissa L. Ash, James L. Sudmeier, Edward C. De Fabo, 
William W. Bachovchin* 

Cleland and Kreevoy recently advanced the idea that a special type of hydrogen bond 
(H-bond), termed a low-barrier hydrogen bond (LBHB), may account for the "missing" 
transition state stabilization underlying the catalytic power of many enzymes, and Frey 
etal. have proposed that the H-bond between aspartic acid 102 and histidine 57 in the 
catalytic triad of serine proteases is an example of a catalytically important LBHB. 
Experimental facts are here considered regarding the aspartic acid-histidine and cis- 
urocanic H-bonds that are inconsistent with fundamental tenets of the LBHB hypothesis. 
The inconsistencies between theory and experiment in these paradigm systems cast 
doubt on the existence of LBHBs, as currently defined, within enzyme active sites. 

T h e  H-bond inherently involves the  shar- 
ing of hydrogen atoms to varying extents 
with other atotns (1 ) .  This sharing is often 
depicted as a chemical equilibration or res- 
onance hybridization of structures such as 1 
and 2 (Eq. 1).  Proton sharing can also be 
depicted as a lengthening of the  A-H bond 
of the  donor, 1, as if the  proton were in a n  
intermediate stage of transfer to  B (2) .  In  
conventional H-bonds the  H atom is asso- 
ciated more with one  heteroatom than the  
other. 

LBHBs are distinguished from conven- 

tional H-bonds by equal proton sharing be- 
tween the  heteroatoms. LBHBs can be dou- 
ble-welled, depicted as 1 and 2 contributing 
equally to the  system; or single-welled, de- 
picted as a single structure with the proton 
residing a t  a point equidistant between A 
and B, as in  3 (Eq. 1). 

LBHBs were first observed in the gas 
phase (1,  3), where evidence for their exis- 
tence and strength is persuasive. Schowen 
first proposed that LBHBs may exist within 
the protected interior of protelns (4). Pro- 
motion of this idea by Cleland and Kreevoy 
(5) and Frey et al. (6) has led to its substan- 
tial (7), though not  universal (8), accep- 
tance. Physicochemical parameters used to 
identih LBHBs include (i)  extreme low-field 
'H nuclear magnetic resonance (NbIR) 

E L. Ash, J L Sudmeier, W. W. Bachovchn, Depari- chemical shifts [S > 16 parts per lnilllon 
ment of Bochemstry, Tufts University School of Med-  (ppm)]; (ii) deuteriLlln isotope effects o n  
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which is claimed to be (i) (6).  The proposal 
for an LBHB between Asp1" and His5' is 
based on  criteria (i) and (ii) in studies of 
several serine proteases, and on the percep- 
tion that cis-urocanic acid mimics the Asp- 
His H-bond only in nonaqueous solvents. 

The  LBHB hypothesis states that LBHB 
formation requires the absence of H-bond- 
ing solvents, notably water, and requires 
matched pK, values (where K, is the acid 
constant) for the heteroatoms involved (6). 
Here we show experimental facts regarding 
the Asp-His and cis-urocanic acid systems 
that are inconsistent with these and other 
key tenets of the LBHB hypothesis as cur- 
rently framed, namely: ( i )  the H-bonded 
(Ns'-H) proton is not equally shared be- 
tween the carboxylate of Asp1" and Ns' of 
Hisi7, but is localized on Ns'; (ii) the 
~ ~ ~ 1 " -  His;' H-bond is not sequestered 

from water, but is surrounded by freely dif- 
fusable water-even in the presence of 
tightly bound inhibltors; (lii) cis-urocanic 
acid mimics the Asp1"- HIS'' H-bond not 
only in organic solvents, but also in water; 
(iv) the pK, values of the carboxylic acid 
and imidazolium grou'ps of cis-urocanic acid 
are not matched under conditions where 
cis-urocanic acid exhibits putative LBHB 
behavior, but differ by -4 pK, units; and 
(v)  the bond energies of the Asp-His and 
cis-urocanic acid H-bonds are not > I 0  
kcal/mol, but are -5 kcal/mol. 

A key element of the proposal of Frey et 
al. (6)  is that the Asp-His H-bond 1s low- 
barrier-that is, equally shared between 
Asp1@' and His"-only when the imlda- 
zole ring becomes protonated at NE' (+  
charged, 4) (Fig. IA) .  Were this not the 
case, the LBHB could be of n o  advantage to 
catalysis for reasons Frey et al. have out- 
lined. The  N"-H protons in a-lytic pro- 
tease, chymotrypsin, and other serine pro- 
teases resonate at 17 to 18 ppm for proto- 
nated Hisi7 and at 13.8 to 15 ppln for 
neutral Hisi' and thus conform to this re- 
quirement. In liN-labeled a-lytic protease, 
the K"-H-bond exhibits spin-coupling 
constants ('INH) of 80 i 4 Hz and 90 i 1 
Hz for the protonated and neutral His5', 
respectively (9). Imidazole N-H spin-cou- 
pling constants are typically 90 to 98 Hz. 
Because 'INH spin-coupling is a through- 
bond phenomenon, it is a direct measure of 
covalent bond character. These 'INH values 
show that the proton is essentially 100% 
localized on K" in neutral His57 and at 
least 85% on  K" when His5' becomes pro- 
tonated and engaged in the putative LBHB. 
N-H spin-coupling is also observed in en- 
zyme-inhibitor complexes, such as that be- 
tween a-lytic protease and the potent tran- 
sition-state analog inhibitor MeOSuc-Ala- 
Ala-Pro-boroVal (inhibition constant K, = 

6.7 x lo-')). His5' becomes protonated in 

such complexes, as expected for transition- 
state or tetrahedral intermediate complexes 
formed with real substrates (10). The 
l5NS1-H proton resonance found at 16.1 
ppm in the complex (Fig. IB) exhibits 'INH 
= 92 i- 1 Hz-again showing that the 
proton remains localized on Nsl.  Halkides 
and co-workers report a 'INH value of 81 Hz 
for a Bacillus lentus subtilisin-Z-Leu-Leu- 
Phe-trifluoromethyl ketone (2-LLF-CF3) 
complex, indicating -86% proton localiza- 
tion on  N" of the active site histidine (1 1).  

What magnitude of 'INH should be ex- 
pected for Nsl-H of His5' if the Asp-His 
H-bond were low-barrier? The hydrogen bi- 
fluoride ion (FHFp), widely regarded as the 
best example of a solution phase, single-well 
system, exhibits '.IFH - 120 Hz in dipolar, 
aprotic solvents ( 6  = 16.4 ppm). This cou- 
pling 1s about one-fourth of that observed for 
HF (476 Hz) ( 1  2).  By analogy with FHF-, 
we might expect an N-H coupling of -24 Hz 

for Ns'-H of His5' if the H-bond were single- 
welled. For a double-well system, 'IKH = 47 
Hz would be expected from averaging the 
couplings (0  Hz and 94 Hz) for the two 
species associated with the potential mini- 
ma. The observed Nsl-H spin couplings in 
serine proteases indicate that the N"-H pro- 
ton can be no more than 15 i 8% delocal- 
ized when His5' is protonated, whether in 
the resting enzyme or in transition state-like 
enzyme-inhibitor complexes. 

"N chemical shifts have been shown to 
be remarkably infor~native as to the loca- 
tion of i~nidazole N-H protons (13). In a -  
lytic protease, Nsl  and NE%esonate at  
199.4 and 138.0 ppm, respectively, when 
His5' is neutral, and at 191.6 and 204.0 
ppm, respectively, when His5' is protonated 
(Fig. 1A) .  Pyrrole-like (>N-H) ,  pyridine- 
like (>N:) ,  and protonated, pyrrole-llke 
( + > N - H )  "N atoms typically resonate at 
21 1, 128, and 202 i 2 ppm, respectively, in 

Fig. 1. (A) 15N and N M - H  proton A , 
chemical shifts, sp~n-coupling 'J,,=9oHz HisS7 
constants, and pK, value for 
low- and hgh-pH forms of rest- 

L ing a-Iyilc protease. (6) His5' \ \  
N-H protons of an a-lyi~c pro- pKa=7.0 

tease transition-state analog in- 
hibitor complex exchangng with 199.4 ppm 

water. ,,Hard 1-1 " ' H NMR spec- 17.0 pprn 204.0 pprn 13.8 ppm 138.0 ppm 

tra (500 MHz) of uniformly 15N- 4 5 

labeled a-lyiic protease (25) 
complexed w~th MeOSuc-Ala- 

1 C 
I 

Ala-Pro-boroVal in aqueous so- 
lution (pH 4.5) at various temper- 
atures. N-H proton lifetimes, T ,  
were determined from line- - 
shapes by the slow-exchange 
approximation, T = l / ( ~ h W ) ,  

N6'- H 
jump-return 

I I 

where 4W IS excess Inewidth at- hl  , : \ I !  1 I 
trlbutable to exchange (basel~ne I I ,,, lwv[ll I 

vaiue of 35 Hz for both peaks -- .J 
obtalned from the 5°C spec- 1 / 

1; SED + jump-return 

trumi. This leads to lifetimes of 1: 11 1 1 )  
N"-H and N"-H protons, re- 111 35" C 
spectlvely >42 and > I 3  ms at ~c"vmc"vmr/h* 
5"C, 42 and 4 5 ms at 25"C, 16 SED + pre-sat 

and 1 7 ms at 35% and 1 9 and 550 c i"\ 

<1 7 ms at 55°C (C) Actlve slte 
hstdne N-H arotons of a subtlll- 

1 I 1 1 1  I  I 
18 17 16 15 17 15 13 11 

sin transition-state analog lnhlbi- 'H Chemical Shift (pprn) 
tor complex exchanglng more 
rapldly wlth water than N-H protons of four other histidlne residues. ' H  NMR spectra (500 MHz) of 15N 

hstidlne-labeled subt~lisn BPN' (26) complexed with Ac-Ala-Ala-Pro-boroPhe In aqueous soluton (pH 
5 5) at 25°C. The jump-return spectrum (top) showing ' H  resonances of five of the six subtlisin BPN' 
hlstdlnes (78). The doublet at 16 9 pprn ('J,, = 92 Hz) and the very broad peak at -15.4 pprn are 
assigned to the active site histidine (HiS4)  NS1 and Ne"rotons, respectively. Among the resonances from 
10 0 to 12.2 pprn are four additional hlstldine N-H protons, known to be pH-independent. In additional 
spectra, systematic reduction In data slze down to 2048 data points, recycle delay down to 0 020 s. and 
repetiton times down to 45 ms led to no appreciable loss of sgnal or nose of the histidne N-H protons 
(16). The equivalent of a "progressive saturation" Tl determlnatlon, ths places an upper limt on the 
Ilfetlmes of all hlstldlne N-H protons at <-I5 ms. The 15N-edited spin-echo difference, jump-return 
spectrum (SED + jump-return, mddle) with 15N decoupling is simplified, revealing the five ' H  resonances 
of subtllsn BPN' histldine resdues. The SED spectrum with water pre-saturation (SED t pre-sat, bottom) 
shows that reduction of the actlve s te  histidne NS1-H proton resonance at 16.9 pprn IS substantially 
greater than that of the upfeld four histidne N-H protons. 
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aqueous solution (14). H-bonding perturbs 
these shifts by up to 10 ppm-downfield for 
>N-H atoins actlng as protoil donors to 
carboxylate groups, and upfield for >N: 
acceptors ( I  3). For a-lytic protease at pH > 
9, His5' "K shifts have been shown to 
reflect the exclusi~re presence of the N"-H 
tautomer, 5,  !nth both ring N atoms en- 
gaged in H-bond~ng; the H-bond to Asp1'-'" 
inoTres N u  doownf~eld -10 ppin, whereas 
the H-bond from Serlg5 moves KE\upfleld 
-10 ppm from "K shift values expected for 
the pure N8'-H tautomer. At  pH < 5, 
where the iinidazole ring of Hisii is proto- 
nated, 4, the Hibond to Asp1'" 1s reflected 
In the - 10 ppm downfield displacement of 
the K" resonance from -202 to 191.6 
ppm. Because H-bonding induces chemical 
shift changes in the same direct~on, but 
lower in magn~tude, as those induced by 
protonation or deprotonation, H-bonding 
effects can be interpreted In terms of partial 
proton transfer. Thus, the -10 ppm dis- 
placement of N"', relative to that for f ~ d l  
deprotonation, represents -14 'r 49); delo- 
calization of the K"-H proton (1 j), a value 
in good agreeinent with that deteriniiled 
from 'INH. 

The LBHB hypothesis requires the 
serine protease catalytic triad to be seques- 
tered from solvent. Solvent accessibility of 
N-H groups is often gauged by measuring 
the rate at which deuterium replaces pro- 
tons upon dissolution of the protein in 
D 2 0 .  The N8'-H proton, however, becomes 
fully deuterated before a n  NhlR spectrum 
can be recorded in a-lytic protease and 
other serine proteases, placing the exchange 
half-life at < - 1.0 min ( 16). Longitudinal 
nuclear relaxation time (77,) measurements 
on  resting a-lytic protease indicate an 
Nu-H proton exchange lifet~me of <9 ms 
(16). Transverse nuclear relaxation time 
(77,) measurements (lineshape analysis) on  

Fig. 2. 15N chemical shifts versus pH of cis-uro- 
canic acd. 6 .  are simliar to those of His" of a - I ~ I C  

protease, both in aqueous soiutlon. '%I sh~fts for 
cs-urocanic acid ( s o d  line) are glven over the pH 
range 2 to 10, and those of a-I)dlc protease (dot- 
ted n e )  over the pH range 4 to 10. [Reprinted wlth 
permission of Roberts et a/, (79). Copyrght Amer- 
ican Chemical Soclety (1 982)] 

chyrnotrypsinogen A indicate an N"-H 
proton exchange lifetime in the rnill~seco~ld 
range at l o  to 19OC (1 7). Such rap~d  ex- 
change demonstrates the His5' K6'-H pro- 
ton is highly accessible to solvent in resting 
serine proteases. 

However, it could be argued that occu- 
pancy of the active site by substrates or 
~ n h i b ~ t o r s  might block solvent access suffi- 
ciently for LBHB fonnation. MeOSuc-Ala- 
Ala-Pro-boroVal, a potent transition-state 
analog inhibitor of a-lytic protease, occu- 
pies subsites S1 to S4, as 1%-ould a specific 
substrate. In addition to the Asp-His H- 
bond (8 = 16.1 ppm), a second putative 
LAHA (6 = 16.5 ppin) is formed between 
Kc'-H and the boroilyl group in this c o n -  
plex (10). The inh~bitor does reduce sol- 
vent access, as delnonstrated by the narrow- 
er linearidth of the N8'-H proton s~gnal  
relative to that of resting enzyme (Fig. 1B). 
Kevertheless, lineshape analysis indicates 
that the N"-H and KE2-H protoil lifetimes 
are still on the order of milliseconds. In 
contrast, the lifetune of the bound lnhibi- 
tor, with a Kl value of 6.7 x lo-', is on the 
order of minutes. Thus, even in this tightly 
bound inhibitor complex, both imidazole 
K-H protons of Hisj7 are readily accessible 
to solvent. 

The  subtilisin BPN1-Ac-Ala-Ala-Pro- 
boroPhe (K, = 1 x lo - '@)  complex ex- 
h i b ~ t s  features sim~lar to those of the 
a-lytic protease-hleOSuc-Ala-Ala-Pro-boro- 
Val complex, except that exchange of the 
KE2-H proton s~gna l  with water is Inore 
rapid, because its resonance is barely ob- 
servable at  25°C (Fig. I C ,  top) (1 8).  Five 
of subtilisin's six hist~dines, the catalytic 
His and four others, give rlse to  low-field 
'H signals, an obser~ration aided by I5N 

spectral editing and "K decoupling (Fig. 
l C ,  mlddle). Upoil selective Irradiation 
(presaturation) of water (Fig. I C ,  bot- 
tom), the active site histidine N-H proton 
resonance essentially: disappears, whereas 
the other four remain visible. Thus, of the 
five observable histidine residues, the cat- 
alytic histidlne is the most solvent acces- 
sible-even In a complex with a tight- 
b~ndiilg transition-state analog inhibitor. 

The perception that cis-urocanic a c ~ d ,  6 
(Fig. 2), forins an LBHB similar to that of 
the Asp-His diad only In organic solve~lts is 
based on reports that a low-field proton 
signal is observed in these solvents (17.5 
ppin in dimethylsulfoxide, 17.2 ppln in ace- 
tonitr~le, and 16.9 ppln in acetone), but not 
in water (6).  However, the ability of cis- 
urocanic acid to mimlc the Asp-His H- 
bond is not confined to organlc solvents 
(Fig. 2). The "N chemical shift behavior of 
cis-urocanic acid in 100?/6 water at room 
temperature (19) closely reseinbles that of 
His5' in a-lytic protease (20) over the en- 
tire range of pH stability for the enzyme 
(-4 to 10). Particularly from pH 4 to 5, the 
15K cheinical sh~fts of cis-urocanic acid 
show the same asymmetry exhibited by 
His5' of a-lytic protease and attributed to 
the H-bond with A ~ ~ ' ~ ~ - n a m e l y ,  that N8' 
resonates -10 ppln downfield from NE' and 
from cheinical shifts characteristic of 
- >N-H-type nitrogens. 

The above results, showing that aqueous 
cls-urocanic acld is as strongly H-bonded as 
the Asp-His diad, predict that a 101%--field 
N"-H proton resonance should be present 
and suggest that the inability to detect ~t 1s 
due to rapid exchange with solvent. Upon 
cooling an 859); acetone-d6, 15% H 2 0  so- 
lution of cis-urocan~c acid at pH 4.4 to 

Fig. 3. Low temperatures requred for cs-uro- A B 
canic acld to exhibt a low-field NM-H proton res- 
onance In water-conta~n~ng solution. Low-field 

' i  400-MHz l H  NMR spectra are shown for -0.2 M -58 "C , , I 
; 1 

cis-urocanc acid versus pH and temperature in 
various acetone-d,, water cryosolvent mxtures. ~4 

'L- 

cis-Urocanlc acid was produced by photoisomer- r\ 
7.4 1' \ 

izaton of the trans Isomer as described (27), pH 
was measured by immersion of a combinat~on -48°C ---d \,,-- 

glass electrode and calomel reference (Cole- / 4 . 6 , q ~  ' 
a r m e r  e r n  H I S  I ,  a n d a r d ~ z e d  I a jwh -1 Ld4"* 
tiona Bureau of Standards buffers at 25°C. (A) ' H 
NMR spectra of cis-urocanic acid In an 85% ac- 250C 2.4 ' 1 
etone-ds 150. H,O cryosolvent (pH 4," shows W$~Y,V~~!W~&$~W#~~~#&, \  \'J!- 
the temperature-dependent Inevd~dth of the , , I I I I I 

Nm-H proton resonance at 18.5 ppm. Upon Sam- 22 18 14 20 18 16 14 

pie cooling to -48"C, the Nsl-H proton IS obsew- 'H Chemical Shift (ppm) 

able in the aqueous-based solution. N1ith further sample coong  (-58°C) the ow-fled resonance 
inewdth decreases. but its chemical shft remalns at 18.5 ppm, (B) pH dependence of the ow-field 
resonance chemlca shft In cs-urocanc acid In 90% acetone-d,. 1096 H,O. The N8'-H proton slgnal 
moves from 15.0 ppm at pH 10.0 to 18.5 ppm at pH 4.6, and back to 15.2 ppm at pH 2.4. ' H spectra 
were recorded at varo~ls temperatures from -43" to -60°C and showed no temperature dependence 
of chemical shift when referenced to sodlum 2,2-dimethyl-2-~1Iapentane-5-sulfonate (DSS) as an inter- 
nal standard. 
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-48"C, a low-field signal indeed appears, 
which sharpens upon cooling to -58OC 
(Fig. 3A).  Furthermore, this signal moves 
from 15.0 ppm at pH 10.0 to 18.5 ppln at 
pH 4.6 (Fig. 3B), similar to the Asp-His 
proton in serille proteases (Fig. 4A).  

The  LBHB hypothesis requires the car- 
hoxvlic acid and imidazolium erouvs of the " L 

Asp-His diad or of cis-urocanic acid to have 
equal proton affinities or pK, values. There 
is now ample evidence that catalytic histi- 
dines in serille proteases have pK, values of 
-7.0 (20, 21 ). Direct pK, determination for 
AsD'"', h o ~ e v e r ,  has vroven elusive. In the 

A ,  

absence of this- measurement, it could he 
argued that the pK, value assigned solely to 
His" does not reflect the microscopic pK, 
of the ilnidazole group, but rather that of 
the Asp-His diad unit, within which Asp13' 
and His5' would have equal pK, values. As 
a model of the Asp-His diad, cis-urocanic 
acid affords an ouuortunitv to address the 

L L 

question of the pK, value of the carboxy- 
late. That a transition between imidazole 
and ilnidazoliu~n ion occurs with a pK, of 
-7 is strongly supported by "N results (Fig. 
2) because of the large, characteristic chem- 
ical-shift differences (18) (13, 20). A sep- 
arate io~lization of the carboxylate with a 
pK, of -2.9 can be seen in these curves as 
the secondary inflection in lvhich NS' 
moves from a position characteristic of an 
H-bonded (191 ppm) to a 11011-H bonded 
(-201 ppm) + >N-H-type nitrogen as the 
pH is lowered. 

Fig. 4. ' H and chem- 
~cal shfts of cis-urocan~c 
ac~d versus pH, y~eld~ng 
stepwise pK, values of a 
diprot~c acd. (A) ' H  NMR 
chemical shifts for the 
N m - H  and rlng protons 
versus pH in 900i ace- 
tone-d,, 10% H,O re- 
corded at low tempera- 
tures ranging from -43" 
to -60°C at 400 MHz. 
Nonlinear least-squares 
regression analysis (14) 
y~elded values of pK, = 2.9 
and pK, = 7.2 for a three 
protons. The sol~d lnes 
represent varous cis-uro- 
canlc ac~d protons, and 
the dotted n e  (top) repre- 
sents the N5'-H proton of 
chymotrypsn (28), (B) :sC 
NMR chemcal shfts ver- 
sus pH for the carboxylate 
and rlng carbons of cis- 
urocanc ac~d (.) and the 
carboxylate carbon of 
trans-urocanic acid (0) in 
9006 acetone-d,, 10% H,O, 
curves also yielded values of 
mddle, and h~gh pH values. 

Titration inflections of the ilnidazole ring 
protons can be follow~ed under conditions 
lvhere the N"-H proton is visible (Fig. 4A). 
The AS'S of the CE'-H and CSL-H proton 
resonances associated with pK, = 7.2 are of 
the same magnitude and direction as that 
observed for histidine in aqueous solution at 
25'C and is consistent with ionization of the 
ilnidazole ring (22). These resonances then 
move further downfield at the vH 2.9 tran- 
sition hut remain in the range characteristic 
of nrotonated imidazole rings. The AS of the " 

N"-H proton of cis-urocanic acid closely 
para!lels that of chymotrypsin (dotted line) 
over the pH 7.2 transition. The second ion- 
ization at nH 2.9 moves the NS1-H nroton of 
cis-urocanic acid 3.3 ppm upfield, effectiveiy 
reversing the initial do\vnfield ~no\~ement  at " 

pKa = 7.2 that moved this resonance to a 
position qualibing it as an LBHB by the 
existing framework. 

The CO, CY, CE1, and C8' 13C resonanc- 
es of cis-urocanic acid in the acetone-water 
cosolvellt at 25OC respond to the same t ~ o  
pK, values (7.2 and 2.9) observed in the 'H 
and "N spectra (Fig. 4B). The behavior of 
the 13C0 signal was of special interest, he- 
cause it might have been expected to pro- 
vide direct information on the proto~lation 
state of the carhoxylate group. This 13C 

resonance undergoes a relatively large 
chelnical shift displacement at pK, = 7.2 
and a much smaller one at v K  = 2.9. The 

I /, 
direction and magtlitude of the displace- 
ment (3.5 ppm, moving from 176.5 to 173.0 

16.0 ppm 15.2ppm 

7 

15.0 ppm 

9 

recorded at 25% and 100.6 MHz. Nonlinear least-squares analysis of these 
pK. = 2.9 and pK, = 7 2, (C) Schematc diagram of cis-urocanic acid at owi. 

ppln as the group with pK, = 7.2 is proto- 
nated) is consistent with disvlacements oh- 
served previously for protonation of carbox- 
ylate groups (23). Although this could be 
construed as support for the LBHB hypoth- 
esis, Fig. 4B shows that the 13C0 signal of 
tmns-urocanic acid, which cannot form an 
itltramolecular H-bond, exhibits the same 
displacement at the imidazole pK,. The  best 
explanation for the 13C0 results is trans- 
mission of the ilnidazole protonation effect 
through the extended conjugated T elec- 
tron system to the carboxylate group. 

All of the NMR results on cis-urocanic 
acid are cotlsistetlt with the scheme in Fig. 
4C. The extreme downfield chemical shift 
of the 'H resonance in 8 must be attributed 
to a strengthening of the H-bond as a result 
of the coulolnhic interactions hetlveen op- 
positely charged donor (imidazolium ion) 
and acceptor (carboxylate) groups-an ef- 
fect that disappears in 7 (pH < 2.9) and in 
9 (pH > 7.2), where either functional 
group is neutral. This scheme suggests that a 
second lolv-field signal should appear at 
pH < 2.9, owing to the presence of the 
protonated carhoxylic acid. The spectrum 
of cis-urocanic acid at pH 1.8 and -70°C 
in 100% acetone-d6 does indeed reveal a 
second low-field signal at 16.0 ppm (1 6) .  

The differences in pK1 and pK2 betlveen 
cis- (2.9 and 7.2) and trans- (3.7 and 6.2) 
urocanic acids [ApK, of -0.8 and +1.0, 
respectively, in the acetone-water cosol- 
vent; --0.7 and +0.9 in aqueous media 
(19)] can be attributed directly to the sta- 
bilization effect of the intralnolecular H- 
bond (Fig. 4B). The spreading of pK, and 
pKZ is the result of the H-bond stabilizing 
the conjugate acid (Hist) in one equilibri- 
um and the conjugate base (COO-)  in the 
other. The average ApKa (0.85 pH units in 
absolute value) is similar to the ApK, of 
+0.8 units between His5' of a-lytic pro- 
tease and free histidine (20). This corre- 
s p o ~ ~ d s  to about 1.2 kcal/mol of stabilization 
energy at 25OC. Together with the tauto- 
lneric equilibriuln constant KT [>25 : 1 
(14)] for the stabilizatio~l of the N8'-H tau- 
tomer in cis-urocanic acid and in Hisi' 
(19), the overall energy of the H-bond is 
estimated to be -5 kcal/mol, which is in 
good agreement with that estimated from 

mutagenesis experlnents (24), but 
far less than the 10 to 20 kcal/mol of the 
LBHB hypothesis. 
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lnhibition of Brain G, GAP and Other RGS 
Proteins by Palmitoylation of G Protein 

cx Subunits 
Yaping Tu, Jun Wang, Elliott M. Ross* 

Palmitoylation of the a subunit of the guanine nucleotide-binding protein G, inhibited by 
more than 90 percent its response to the guanosine triphosphatase (GTPase)-acceler- 
ating activity of G, GAP, a G,-selective member of the regulators of G-protein signaling 
(RGS) protein family of GTPase-activating proteins (GAPS). Palmitoylation both de- 
creased the affinity of G, GAP for the GTP-bound form of Ga, by at least 90 percent and 
decreased the maximum rate of GTP hydrolysis. lnhibition was reversed by removal of 
the palmitoyl group by dithiothreitol. Palmitoylation of Ga, also inhibited its response to 
the GAP activity of Ga-interacting protein (GAIP), another RGS protein, and palmitoyl- 
ation of Ga,, inhibited its response to RGS4. The extent of inhibition of G, GAP, GAIP, 
RGS4, and RGSI 0 correlated roughly with their intrinsic GAP activities for the Ga target 
used in the assay. Reversible palmitoylation is thus a major determinant of G, deacti- 
vation after its stimulation by receptors, and may be a general mechanism for prolonging 
or potentiating G-protein signaling. 

T h e  a subunits of inost heterotrimeric G 
proteins are modified by irreversible lipid 
amidation of the NH,-terminus and by ad- 
dition of a palmitoyl thioester at a nearby, 
conserved cysteine residue ( 1 ,  2) .  Unl~ke 
myristoylation, palmitoylation of Ga sub- 
units 1s reversible, and bound palmitate 
turns over rapidly in cells. Although virtu- 
ally nothing is k ~ ~ o n m  of the enzymes that 
catalyze addition and removal of palmitate, 
pallnitate turnover on G-protein a subunits 
appears to be regulated coordinately with 
their activation and deactivation. In the 
case of G a 5  (3, 4) and Ga, (5), substantial 
depal~nitoylation occurs upon receptor-pro- 
moted activation, and repal~nitoylation of 
Ga5 coincides at least roughly with deacti- 
vation (3). Treatment with cholera toxin, 
which prolongs activation of G, by blocking 
hydrolysis of bound GTP, also promotes 
turnover of bound palmitate (6). Converse- 
ly, pal~nitate turnover 011 G a ,  and Gas  is 
decreased by coexpression of excess GPy, 
which inhibits activation (6,  7). 

Pal~nitoylation is involved in anchoring 
Ga subunits to the membrane or specifjjing 
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their membrane localization. or both 11-4. 
7-9), by increasing their intrinsic hydropho- 
b~city and, at least for Gab, by ~ncreasing 
affinity for GPy (7). Mutation of the palmi- 
tovlated cvsteine of Ga. to alanine also DO- 
tentiated inhibition of 'adenylyl cyclaseL in 
transfected cells 19). Palmitovlation has not , , 

yet been linked to alteration of a specific 
G-protein signaling function, however. It IS 

not required for interaction of G a  subunits 
with receotors or effectors in vitro ( lo) ,  and 
no effect 'of palmitoylation on the binding or 
hydrolysis of guanine nucleotides has been 
reported. Mutation of the palmitoylatable cys- 
teine residue in Gaq or Ga, inhibited signal- 
ing (1 I ) ,  but signaling was potentiated by the 
same mutation in GaZ or Gpalp, the major 
Ga subunit in Sacchn~omyces ce~euisiae (9 ,  
12). Although palmitoylation may be respon- 
slble for such variable effects on different G a  
subunits, these results lnay also arise from 
effects of mutating the cysteine residue that 
are unrelated to pallnitorlation (10). 

We describe the inhibition of the effects 
of the major G, GTPase activating protein, 
G, GAP, by palmitoylation of Ga,. G, is a 
relatively rare inember of the G, family that 
is found in brain, platelets and adrenal me- 
dulla, and is therefore suspected to be in- 
volved in regulation of secretion (13). Iso- 
lated G a 2  hydrolyzes bound GTP slowly, 
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