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Low-barrier or short, strong hydrogen bonds have been proposed to contribute 10 to 20 
kilocalories per mole to transition-state stabilization in enzymatic catalysis. The proposal 
invokes a large increase in hydrogen bond energy when the pKa values of the donor and 
acceptor (where K, is the acid constant) become matched in the transition state (IpK, = 

0). This hypothesis was tested by investigating the energetics of hydrogen bonds as a 
function of ApK, for homologous series of compounds under nonaqueous conditions that 
are conducive to the formation of low-barrier hydrogen bonds. In all cases, there was a 
linear correlation between the increase in hydrogen-bond energy and the decrease in IpK,, 
as expected from simple electrostatic effects. However, no additional energetic contri- 
bution to the hydrogen bond was observed at IpK, = 0. These results and those of other 
model studies suggest alternative mechanisms by which hydrogen bonds can contribute 
to enzymatic catalysis, in accord with conventional electrostatic considerations. 

Enzymes can achieve enormous rate en- 
hancements. xvhich often renuire >20 kcall 
lnol of transition-state stabilization. Recent 
proposalsto account for these large energies 
have invoked lorn-barrier hydrogen bol~ds  
[LBHBs ( I ) ]  ( 2 ,  3 ) .  A n  cxalnplc of this 
hypothesis, showing enzymatic catalysis by 
a n  LBHB in the  mandelate raccmase reac- 
tion, is presented in  Fig. 1. It Ivas proposed 
that an  LDHB is forlllcd xvhen the  pK, of 
the  enolate hydrosyl in the  enolic transi- 
tion state becomes matched with that of 
Glu3" o n  the  enzyme, \\-hich stabilizes the  
transition state bv -20 kcal/mol; in  con- 
trast, the  pK, of tlle carboxyl proton in the  
ground state is not matched with that of 
Glu3", SO that the  ground state ~vould be 
stabilized by only 1 to  5 kcal/mol from a 
normal H bond (2 ,  3 ) .  LBHBs havc also 
been proposed to provide a large fraction of 
the  catalytic pol\-er for many other enzymes, 
Including trlose phosphate Isomerase, ribo- 
~ntcleases, cnolasc, aconitase, and citrate 
synthase (2 ,  3 ) .  T h e  observation of a highly 
deshieldcd proton (6,-, = 18 parts per mil- 
lion) betxvcen Hisj7 and AsClGZ in  the  cat- 
alytic triad of trypsin and chymotrypsin and 
the  isotope effect o n  this chemical shift (SH 
- 6, = 1.0 ppm) havc been suggested as 
evidence for an  LBHB that contributes to  
catalysis by serinc proteases (4) .  

T h e  concent of LBHBs orianated from - 
the large formation energy of FH. . .Fp in the  
gas phase [-40 kcalbnol (5 ,  6)] and its short 
bond length [2.26 A (7)]  in the solid state. 
Low isotope fractionation factors (0.5 to 1 .O) 
and anomalous spectroscopic properties, 
such as highly downfield proton chemical 
shifts (16 to 22 ppm) and inverse isotope 
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effects o n  proton chemical shifts and infra- 
red vibrational freauencies. have been ob- 
served for a number of H bonds in organic 
solvents, including phthalate and maleate 
monoanions, proton sponges, and cyclic dia- 
lnlnes (7).  It has been suggested that when 
an  H bond is formed between groups n ~ i t h  
sinlilar pKJ1s, orbital overlap takes place be- 
txvecn their matched enerev states. ~vhich < ,  , 

results in a bond that has partial covalent 
character and u n ~ ~ s u a l  spectroscopic proper- 
ties (7-13). This nartial covalent character 
could provide an  additional energetic contri- 
bution to the  strength of an  LBHB (2-4, 
7-10). As proposed, an  LBHB fornled at 
matched pK~,'s ~vould then be stronger than 
an  H bond stabilized solely by electrostatic 
interactions. 

T h e  propom1 that LBHBs call provide a 
special c o n t r i h ~ ~ t i o n  to enzymatic catalysis 
can be c x p e r i ~ l ~ e n t a l l ~  tested by determin- 
ing the  H-bond energy as a f ~ ~ n c t i o n  of 

I I 

HO' ,b- 
O Ph-C=C 0 

E-B E-B+ 

Fig. 1. A slmpllfied ilustraton of the proposal of 
LBHB particpation in enzymatc catalyss, show- 
ing proton abstraction catalyzed by mandelate 
racemase. An LBHB between the carboxyl oxy- 
gen and Glu3'/ on the enzyme would stabilize the, 
enolate interlnediate or transltlon state (2, 3). 
Bond notailon In boxes: ( . . . ) represents the nor- 
mal, weak H bond In the ground state (ES) wlth 
unmatched pK,'s; ( . . ) and the interlnedate po- 
sltion of the Droton remesent the stronq LBHB 
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AyK,,, thc  di fkrc~lce  in pK,  bctrvecn the  
Lionor and the  acceptor. Slmple elcctrostat- 
ic conaideratiolls nredict that H-bond 
strength increases linearly n.1th increasing 
acidity of the  donor or increasing basicity of 
the  acceptor, reaching its maximum at 
A p q ,  = 0 (8, 1 1 ,  12) .  Any additional 
enereetic contribution from covalent char- - 
acter in  a n  LBHB \voulil lead to the  forma- 
tion of an  especially strong H bo11d at  
matched pK,, resulting in  a positive ilevia- 
tion at ApK~, = 0. 

Previous work has provided n o  cviilellcc 
for an  extraordinarily strong H bond that 
forllls specifically at ApK, = 0. T h e  gas- 
phase forlnatlon energy (AG, and AH,)  of 
the  asymmetrical CH30p.  . .HOH H bond 
is nrithin -5 kcal/mol of the  symmetrical 
HOP. . .HOH and CH,Op. . .HOCH, H 
bonds (1 3 ) .  In addition, gas-phase studies of 
the  association of F \\-it11 various aclds 
revealed a linear correlation bctv-een H- 
bond energy and ApK,, rvithout a deviation 
at ApK, = 0 (5).  Similarly, n o  deviation at 
ApK, = 0 n.as observed in  studles of H 
bonding in  xvater and organic solvellts 
(1 2 ,  14) .  However, t he  studies cited above 
Iverc not  carried out to  test t he  energetics 
of LBHBs and thus do  not  provide conch[- 
sive evidence against the  LBHB proposal. 
LBHBs do  not  appear to  form in  aqueous 
solution ( 2 ,  3 ,  7 ,  1 0 ) ,  and the  gas-phase 
and organic-solvent studies either lacked a 
data point for a n  H bond \\-ith perfectly 
matched donor and acceptor pK~,'s or used 
compounds that  do  not  represent a homol- 
ogous series. 

W e  therefore systematically investigated 
H-bond energy as a f~lnct lon of ApK, for a 
series of substituted phthalate lllonoanions 
(X-PAS; Scheme 1 )  in dimethyl sulfoxide 
IDA,ISO). T h e  H bolld betxveen the  adia- 
cent carboxyl groups of P A  has been con- 
sidered to be a n  example of a n  LBHB ( 7 ,  
10) o n  the  basis of the  21-ppm chemical 
shift of the  H-bonded proton, the  negative 

Table 1. Chemlcal shifrs and Isotope fractionation 
factors (a) of the H-bonded proton in substituted 
PAs In DMSO. All NMR lmeasurelments were per- 
formed at 400 MHz and 15" to 20°C. Values of 
ApKE are from Table 2; values of were deter- 
mined as described In (44). Me methyl; -, not 
determined. 

'From (15) 
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Scheme 1. 1; 

isotope effect o n  this cl~cmical shift (15) ,  
and the  short H bond observed in  crystals 
(7, 16).  T h e  'H chelnical shift in P A  was 
confirmed, and the  isotope fractionation 
factor of 0.56 (Table 1 )  is also corsistent 
with a n  LBHB. T h e  subst i t~~cnts  at the  
4-position o n  the benzene ring (Scheme I ) ,  
which 1s para to  one of the  carboxylic acid 
groups and metn t o  the  other, differentially 
affect the  acidities of the  tv-o other\\-ise 
identical carboxylic acid groups. This allov-s 
investigation of the  H-bond strength over a 
range of l p K a  that includes ApK:, = 0. 
Stabilization of the  monoanions of substi- 
tuted PAS bv this H bond renders their first 
deprotonation more favorable, thereby de- 
creasing their pK, values (Scheme 1). T h e  
decrease of the experimentally observed 
pK,; [pK~;% ("" (1 7)] from its "intrinsic" value 
[pK~t, "'[ ( l a ) ]  provides a measure of the 
strength of the E-I bond (KFB) (Table 2)  (19). 

A linear correlation bet\veen H-bond 
energy and ApK, was found for the P A  
system (Fig. 2). N o  positive deviation v-as 
observed at I p K ,  = 0, in contrast to the  
prediction from the  LBHB proposal. Anal- 
ogous expcrilnents have shorvn that there is 
also a linear correlation with no  tlositive 
deviation near I p K ,  = 0 for the  intramo- 
lecular H bond in a series of substituted 
salicylate monoanions (20).  This correla- 
tion spans a v-ider range of ApKi (-5 units 
in  DbISO),  althoueh it does not  include a 
fully sylliinetrical species \\-it11 l p K ,  = 0. 

K ~ B  = ~ 1 ,  o b s l ~ i ,  int 
a a 

Studies of the  H bonds in  phthalate, 
maleate, and succinatc monoanions sur- 
gcsted that single-minimum H bonds may 
only exist in solvents that are nlorc nonpo- 
lar than is DMSO (10).  Further, because 
covalc~lt  i~ltcractlons have more stringent 
geometrical requirements than do electro- 
static interactions, the  potential formation 
of a very strong LBHB in PA- nlay also be 
prevented by unfavorable geometrical fiua- 
tion of the  intramolecular H bonds. 

Vie addressed these potential limitations 
(21 ) by using the  more nonpolar solvent 
tetrahydrofuran (THF) and by investigating 
a n  intermolecular H bond. Thus, the  donor 
and acceptor could adopt a particular H- 
bonding geometry if it were required for the  
fornlation of a very stable LBHB. T\vo series 
of phenols (X-QOHs) and phenolates were 
investigated. T h e  uroton chenlical shifts of 
-1 7 ppin observed previo~~sly  for co~nplex- 
cs of several phenols with their conjugate 
bases in nonaqucous solvents (22) are con- 
sistent ~ v i t h  the  fornlation of LBHBs. For- 
mation constants (Kf) of H-bonded com- 
plexes of X-QOHs \\-ith 3,4-dinitropheno- 
late or 4-nitrophenolate, 

were measured spcctrophotometrically (23) 
(Tablc 3) .  For each series, there is a linear 
correlation between the  strength of H 
bonds (24)  and APE=,, xvithout any devia- 
tion a t  ApK, = 0 (Fig. 3) ,  as was observed 
for the  PAS. 

These results provide no  indication that 
H bonding is significantly strengthened 
when the  donor and acceptor pK~,'s are 
matched, in contrast to  the  LBHB proposal. 
Analogous conclusions \\-ere drawn fro111 
recent ab initio calculations (25).  A linear 
relation bet\\-een H-bond energy and ApK, 
has also been observed in urevious studies of 
H bondi~lg  in aqueous and organic solutions 
(12,  14,  26) and in the  gas phase ( 5 ,  13) .  

T h e  observed energetic propcrtlcs of H 
bonds follow predictions from a silllplc elec- 
trostatic model, 

(1 1 ,  27).  According to  this model, chang- 
es in  H-bond energy (E") can be described 
by changes in  C o u l o m b ~ c  interactions be- 
tween partial effective charges o n  the  H- 
bond donor and acceptor (q,  and q2, re- 
spectively), \\-ith a n  interaction cocffi- 
cient tha t  is dependent o n  the  dielectric 
constant of the  media (E) and the  distance 
separating the  partial charges ( 7 ) .  E" in- 
creases as the  donor becomes more acidic 
(or the  acceptor becomes more baslc), be- 
cause of a n  increase in  partial positive 
charge o n  the  donor (q,  ) [or a n  increase in 
partial negative charge o n  the  acceptor 
(q2)].  Thus,  El-' is rnaxinlal when ApK, = 
0 (q, = q,; Figs. 2 and 3 )  even in  the  
absence of special energetic contributions 
from covalent character in a n  LBHB (28) .  
Hov-ever, t he  increase is not  dependent 
o n  the  matching of the  pKils of the  donor 
and acceptor, contrary to the  prediction 
from the  LBHB hypothesis; rather, it de- 
pends solely o n  the  magnitude of the  
change in I p K a .  

Another prediction from the electrostat- 
ic illode1 is that EH will increase with de- 
creasing dielectric of the  lllcdia (29) .  This 
prediction is supported by the  observation 
that H-bond energy generally increases as 

1.L 
I 

Table 2. Determnation of H-bond energy in substituted phthaate monoanlons froln pK, measurements m 
lo3[ 

2- ~ n DMSO. Values of pKA, ObS. pK:,'"'. and ApK, were obtained as described ~n (1 7). (la), and (45), 
I I- respect~vely. Values of log K,HB were calculated from log (K;"/KFt) = (pKFt - pK;"), derived from 

* lo2[ I Scheme 1. Values of -AG,HB were calculated from AG,HB = -RT In KrB, where R is the gas constant 
i (1.987 cat mol-' K-') and T IS temperature ~n kelvin (298 K). 

. - 
! 
I p~:,  1"' log KyB 

-AG,HB 
loo-- --- Compound pK:, ObS A PK, 

0 0.5 1 1.5 
(kcal/mol) 

4-Me-PA 6.10 2 0.02 9.80 0.24 3.70 5.0 Fig. 2. Formaton constants of the ntramolecular H 
4-CI-PA 5.43 t 0.12 8.91 0.38 3.38 4.6 

bonds as a function of ApKaMSO for a series of 4-Br-PA 5.46 t 0.05 8.76 0.46 3.30 4.5 
substituted phthalate monoanons in DMSO [P =  OH-^^ 6.21 2 0.02 9.41 1.20 3.20 4.4 
0.37 wlth the ApK,DMSO scale. or P = 0.9 with the ~.NH,.PA 6.88 t 0.08 9.92 1.37 3.04 4.1 
ApKFter scale (not shown)]. Data are from Table 2. 
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the environment changes from water to loer  Fig. 3. Formation constants of the H-bonded complexes of 

organic solvents or to the gas phase (5,  6, -1 substituted phenols with 3,4-d~n~trophenolate (circles) or 

12-14, 26). The  large H-bond energies in 
' 4-nitrophenolate (squares) in THF as a function of ApKFter,  

nonaqueous environments and their ability 
1 

' The solid line represents the overall fit of the data for both 
I series with p = 0.65; the Ighter dashed lines represent the 

to undergo large changes because of elec- X E  1 fit of individual series of data for H bonding with 3,4-dini- 
tronic rearrangeruents in the course of a 2 % trophenolate (P = 0.63) or 4-nitrophenolate (P = 0.65). The 
reaction may allow H bonds to provide d ApK, values ~n water were used because the values in THF 
substantial catalytic contributions (see be- 1 02; % ' have not been determined These LpKFte r  values are ex- 
low) (20, 30,  31). I pected to be proporiional to those in THF (38-40, 431, but 1 Isolated charges are highly unstable in 1 the range of LpK, IS expected to be >I 0 in THF (42). Data 
low-dielectric environments, so that the ob- i are from Table 3. 

served large formation energy of ionic H- loo! 1 2 i 4 5 

bonded species in nonpolar media (KEE) 4l"G 
may arise from the instability of charge 
separation in the nonpolar medium (K,,  >> (K:" > 1 )  (32) .  In addition, to lessen the increase in H-bond strength ~vould be 
1)  rather than from a special character of charge separation in nonpolar media, it is greater in a low-dielectric enzymatic ac- 
these H bonds: possible that the H-bonded proton may tive site than in aqueous solution. The  

become more equally shared between the different degree of strengthening of the H 
heteroatoms. Such a rearrangement could bond therefore allows greater transition- 

K ;; 
AHNP + B i p  AH -. ~i~ give rise to the ~rnusual spectroscopic state stabilization for the enzymatic reac- 

properties of H bonds in nonpolar media. tion (20,  35). A larger Bransted slope ( P )  

41 ' 11 K" 
Thus, the observed unusual spectroscopic in nonaqueous media than in aqueous me- 
properties of certain enzymatic H bonds dia, which represents a greater increase in 

Kt: (4 ,  33) may be a manifestation of the low H-bond strength in the nonpolar solvent as 
 AH,^ + B ; ~  -- AH . . .  Biq dielectric of the enzymatic interior, and the donor-acceptor pair is varied, has been 

( 3 )  not a reflection of unusual energetic prop- observed for a series of substituted salicy- 
erties of LBHBs (34). lates [slopes of 0.70 in DMSO and 0.14 in 

This inference is consistent with the ob- Our results provide n o  indication that [rater for log KHR ~ ~ e r s u s  pK'y"tC1 (20)]. Oth- 
servation that the formation of both sym- LBHBs provide a special energetic contri- er examples of larger f3 values in nonaque- 
metrical and asyruruetrical ionic H-bond- bution to enzymatic catalysis. In that case, ous media have been observed in this and 
ed species is highly favorable in the gas how do H bonds contribute to enzymatic previous studies (Figs. 2 and 3)  (5 ,  8, 14, 

and that the formation of neutral catalysis? Several possibilities are suggest- 26, 36). In addition to the strengthening of 
H-bonded species is much less favorable ed by this and other model studies; the H bonding by electrostatic effects during an 
(5 ,  6 ,  13). Further, if all other factors are suggestions parallel several previous pro- enzytnatic reaction, the binding energy of 
equal, the H-bonded species itself is pre- posals (30,  31). For a given electronic an enzyme may be used to position sub- 
sumably more stable in [rater than in non- rearrangement as a reaction proceeds frorn strates with respect to enzymatic catalytic 
polar media because the H bond is polar the state to the transition state, groups, thus providing an entropic advan- 

tage for transition-state H bonding between 
the enzyme and the substrate. Further, H 

Table 3. Formation constants (K,) of H-bonded complexes of substituted phenols (X-(DOHs) with bonds may also be strengthened geomet- 
3,4-dinitrophenolate [3,4-(NO,),-(DO-] or 4-nitrophenolate (4-NO,-(DO-) at 25°C. Tetrabutylammonium rical changes in going from the ground state 
ion was used as the counterion. Values of LpK,"ater were obtalned by subtracting pKTier (donor) from to the transition state, thereby preferential- 
pK,"ater (acceptor) (46). Values of K, were determined as described In (23). Values of -AG,HB were ly stabilizing the transition state, ~ i ~ ~ l l ~ ,  
calculated from AG, = -RT In K,, where R is the gas constant (1.987 cal mol-' K-') and T IS temperature enzytnes lllay commonly use lnultiple inter- 
in kelvin (298 K). 

actions of moderate strength for transition- 
state stabilization, rather than relying on a 

H-bond donor H-bond acceptor K, ( lo3 M-I) 
- AG, 

(kcal,molj single, very strong interaction s ~ ~ c h  as an 
LBHB [see 120, 30, 31,  37) for tnore de- 

6.0 tailed discussions] 
4.7 

~ - c I - ~ - ~ ~ , - ( D o H  2.36 2.6 4.7 REFERENCES AND NOTES 
4-CN-(DOH 2.53 1.7 4.4 
3,5-CI,-@OH 2.67 1.3 4.2 1 LBHB IS used herein to denote H bonds that exhbt 
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3-CN-@OH 3.19 0.91 4.0 obselved or proposed to be very strong ( > I 0  kcall 

3,4-F,-(DOH 3.86 0.38 3.5 mol). For smpicty, it is meant to include a the terms 

4-Br-@OH 3.92 0.36 3.5 
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2,4-dinitrophenol (p/<a = 5.12), 2,6-di-tert-butyl-4-
nitrophenol (p/<a = 7.30), and 9-carboxymethylflu-
orene (p/<a = 10.35), which were synthesized as 
described {38, 39). Each p/<a in Table 2 was mea
sured with two different indicators whose p/<a's 
bracketed that of the compound of interest. The 
p/<a's below 6 were also confirmed by measure
ment of self-dissociation of the acid {40). Values are 
reported as mean ± 2 SD. 

18. The intrinsic p/<a (p/<a>
int) represents the p/<a of the 

carboxylic acid expected in the absence of H bond
ing. For PA, this value was obtained in two ways: 
from the p/<a of the monomethyl ester of PA (9.60 ± 
0.01) and from the p/<a of terephthalic acid (9.80 ± 
0.06), in which the two carboxylic acid groups are 
para to one another instead of ortho. (The p/<a of 
PA monomethyl ester has been statistically cor
rected for comparison with the two ionizable car
boxylic acid groups in the phthalic acids.) In both 
cases, the neighboring H-bond donor is removed 
and replaced by a substituent that is expected to 
have a similar effect on the acidity of the carboxylic 
acid but cannot form an H bond with the carboxy-
late. For substituted PAs (X-PAs), the first depro-
tonation can be from the carboxylic acid either para 
or meta to the substituent. The p/<a'

 int value for 
each of the X-PA carboxylic acid groups was cal
culated from 

p/<a.
 int(X-PA) = p/<a. ̂ (PA) - pax, meta orpara (4) 

where <J is the Hammett constant describing the 
electron-withdrawing ability of benzyl substituents, p 
is the slope of the linear dependence of p/<a on the a 
values of the substituents for a homologous series of 
compounds, and "X, meta or para" refers to the 
substituent in either meta or para position (the lower 
of the two calculated values reflects the group that 
will be deprotonated first). Values of cr are from O. 
Exner, Correlation Analysis of Chemical Data (Ple
num, New York, 1988),'pp. 439-540. A p value of 2.4 
in DMSO {40) was used. 

19. The increase in the second p/<a of PA and related 
compounds relative to the first p/<a has been con
sidered to be evidence for the strength of the H 
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31 Anal;ss o' these suect,.a can be compl~catecl b; 
proton transter bet:.:ee,i aclcled ~;lienol anel tne nitlo- 
phenolate 3::1i~ch depletes tlie total a,nou,it of nitro- 
pnemate ava able for H bonclinc anel caL.ses spec- 
tra siitt of the ~il:rol;lienoate b e o , i d  that fro'ii ? 
bo~icl ;~ig To avoicl th;s p,oble,n, ;,e usecl plie,iols 
3::liose p K  valL8es ;,ere colisic:erat;ly nglier tnan 
tliose of tile nitrophenolate, tne proto,i acceptor 
klo;,ever, at I i cn  phenol concentratlo,is, pheno c a i  
se16-assoc~ate anel lose a !;roton to gve the 
plienol.i:lienolate colnplex trereo: alov;ng [proto- 
naton of the ,i troplienoate For t i i s  reaso,i, Y, val- 
~ l e s  voe,-e only obtajnecl n tile regon lpKi."' '- 2, 
\,!liere tne :;roton tra'isfers OCCLII at r n ~ c l i  Iilg~ier 
phenol conce,itlatons tnan ale reclurecl for coml:lex 
+ormat oli :.: tli the nitroplienolate. Control exl:erl- 
ments :.:th s;ercaI; nndered slie~iols 1 3 6 - d t e t t -  
b,lt:I.:neno and 2,6-ci1-:e1;-but:l-3-ni:ro.:iienol1 ci~cl 
riot procl~.ce tlie spectral shift descr~becl n i231, eveti 
at concentratons LIP to 1 M, i h s  f~ndncJ rulecl out 
corn[: catons from general solvent effects by adci- 
tioli of phenols to the plienoate solution a i d  sug- 
gested t i a t  ? bond~lig 1s respotisbe for complex- 
aion. Addlton of ~ i c l eas , i g  co~icentl-at 011s of anon- 
conjugate pliel-ol :o a soI,t~on conts~n'licJ a pre- 
fo,niecl no,iiocon,~~gate r-~trop~ienoln~t~opnenolate 

complex eacls to loss o+ tile ~ioI'iocon!ugate cot'?- 
pex and +orl-iato,i of tne lieteroco~i!~~cate complex 
as !LI: gee1 3; moclest spectral sliitts Tne co,icent,-a- 
tion dependence o' tliese cnanges \'!as co'isstent 
:.: tli the ~-elat '~e s:at:t of tiid h-oo,i$ed species 
or;taneci fro,ii tl-e c!rect ,iieas~,rer-ie,its descpbed In 
t.23:. 

33 i l i e  [:I(. scales a1.e substant all; exl:a,icled In 10;- 
delectrc solvelits For exat-ipe 'or benzoc accls 
ancl pneno s 1 p q ~ ' s  o' 1 In !:!ate, co,resuond i o  
ll:Xn's of -2  L In Di'ASO 43: FOI T h F  tile nclease 
o' tne 1 p i <  scaes s expcted to be so,-ie3::hat 
greater (-12) 

43 D A Bors. M J Ka~~f:nan, A Stre~t'!!~eser J' .,'.A:? 
Ci,el3~. Soc. 107, 829'3 1'985: 

43, Isotope fract onat oli facto,.s !the D ? lsoto.:~ ,-atlo 
for tlie ?-bolided proton rea;ve to tlie rato for tne 
;,aier prorolls1 ;,ere ,iieasbfeci b; h n,~clea~- mag- 
netlc resona,ice IPUMF~! si:ectroscopy 4 s~nall 
arnoL.nt ,--2.2 to 0.3% o+ a D;O h,O n lx t~ l re  !:!as 
added to 0.3 M PA so  tons 117 DMSO. Tne cle~l- 
terons 'n the ad:ecl so~ope-contanng ;:ater ;,ere 
a1Io~:!ecl to excliance anel reacli equl1 I3llUm t:!tli tile 
COO? protons. Tlie so;,l; excia, iaI ic :.:atel- and 
P 4  .:roroli peaks $::ere intecratecl a ~ i d  nor I-ia~~zed 
to illat of tlie rionexcha~igemle be~iz :c  oroto'is. 

Age-Dependent Diarrhea Induced by a Rotaviral 
Nonstauctural Glycoprotein 

Judith M. Ball, Peng Tian," Carl Q.-Y. Zeng, Andrew P. Morris, 
Mary K. Estes-l 

The rotavirus nonstructural glycoprotein NSP4 is an intracellular receptor that mediates 
the acquisition of a transient membrane envelope as subviral particles bud into the 
endoplasmic reticulum. NSP4 also causes an increase in intracellular calcium in insect 
cells. Purified NSP4 or a peptide corresponding to NSP4 residues 114 to 135 induced 
diarrhea in young (6 to 10 days old) CD1 mice. This disease response was age-dependent, 
dose-dependent, and specific. Electrophysiologic data from intestinal mucosa showed 
that the NSP4 114-1 35 peptide potentiates chloride secretion by a calcium-dependent 
signaling pathway. Diarrhea is induced when NSP4, acting as a viral enterotoxin, triggers 
a signal transduction pathway. 

Rot,i\-lru,e< are the leaLii11.i cause of se\-ere, 
lik-threatening v ~ r a l  gas t roe~~te r i t~s  in in- 
fants anii a~l i~l la ls  ( I )  anil are a>sociateil 
wit11 sporndic ~111tl1reaks of cl~arrhea 111 el- 
derly (3) anii i ~ n m ~ ~ ~ ~ o c o m p r o m i s e d  patienti 
( 3 ) .  These viruse> 1 n . e  a limited tissue 

tropism, nit11 ~~ l fec t i i>n  prim,irily hein! re- 
stricted to cell$ of the sm,ill i ~ ~ t e s t i n e  (4). 
Ilorei>r.er. the o~~tcol-iie of ~nfect ion IS age- 
relatecl; a l t h o ~ ~ g l ~  r~~ ta \~ i ruses  may infect ill- 
ili\-iii~lnls anil a ~ ~ i m a l s  of all 'iges, symptom- 
atic in&ct~on  ( that  is, i l~arrhen) jienerall\- 
occurs in tile yo1.111g (6 months to 2 years in 
chililren anL] LIP to 14 days in mice).  

Llesp~te the prevalence i>t ri i ta\ . ir~~s in- 
k c t i o ~ i s  and estensi~.e st~lilies in a ~ l i ~ l l a l  

mo~lels, rotavinrs patlloge~leii:: remain.; 
p o o r l ~  ~11 l~ ie r~ to0~1 .  Propo~eil  pathopll\.sli~- 
lncic mecllanis~~ls by n-111~11 rota\.iruseh 111- 

duce diarrllea after l-irms replication ~nihlcle 
m a l a l o r p t i o  seci>~nciary to tlhe d e s t r ~ ~ c t i c ~ n  
of enteriicytes (5), alteratlolls in tra~lsepi- 
tllelial tluiii 1-alance ( G ) ,  anil local v i lh~s  
iscllem~a leadino to vasc~11,ir iiamarre and 
Jiarrlhea (7). These  mechanism^ do not es-  
pinin cases of rotavir~~s-iniluceil ii1,irrhea 
ol~servecl hef~>re% or in the c i l ~ , ~ e ~ ~ c e  ofs 111s- 
t~~patllolqqic cli,i~lges ( 4 ,  8). 

\X~'hile making an ant~serum to ,i non- 
s t r~lc t~lra l  g l y c o p ~ j t u n ,  NSP4. \ye maiie the  
h r t u i t o ~ ~ s  disco\.ery r11,it intralieritoneal 
( in)  Jeliverv of o ~ ~ r i f i e ~ l  NSP4 ~ n i l ~ ~ c e s  Lliar- , L , L 

rhea in nlouse ~ n c ~ ~ l e l  (Fli.. 1 ). Vi'herller 
J. ISJI Ball. P. T~an, C Q Y Zeng, 14. K Estes. DIVI~IOI of aL~lllillistratiall n.as ip u r  illtskiilcal ( i l ) ,  di. 
I,ilolecular '~Jrology, 3aylor College of Ved'une. 3ne 3a:- 
o r  Plaza houston TX 7703C, JSA. arrhea nras ol-ser\,eii u.itl?i~? 1 to 4 hnur, . . 

,4. P \4orl.is, Del:a-tmei: of n'egrat've B'oogy, 3 . i  e rs t ;  after inocutatioll. It typicall%- ~ o n t l l l ~ l e i i  tor 
of Texas health Suienue Center Houstor TX 7iC30 un to $ llt>urs, hut oicaslollnllv persiSteLl tor 
US,\ , 

14 liours (9 ) .  PurifieLl NSP4 (0.1 tc> 5 nrnol) 
'Preser-it aildress: ho,z~an2 h~.gnes Med c a  1nsritl.ite a rd  aLlmilllstc.reLl by [Ile iL, to C L ) ~  
Delpartment of Cell B~olog), aa;lor College of Vedicine 
ho~,sto, i  TA 77030 USA mouse p u p s 6  t t d  anC1 8 to 9 J.i\-mlL1. N o  
-To \,'!born zorl-espondence snould be adc:ressed. diarrhea \vas ini!uctil 'ivith 2.1 11mol of pro- 

i l i e  rato o'tl ie tl:!o no,-~iial~zecl peak areas, In com- 
parso'i :.:tli tliat t i  a cont,.ol sznple '::nere the salne 
amo~,nt o' ?_O !:!as aclcled, y~elclecl the +racto,iaton 
factors [M. Saundel-s, S. Saunders, C Jonnson, J. 
A:1?. Ci!ei:'. Soc 106, 52.38 (1 93433 To 1nil:rove tlie 
accLracy of data, v:e performecl m,It~ple measure- 
ments Llsny clfferent D,O/hLO rat os (1 19 - 9:lj. 
The s,nall amount of v~ater adeleel cl~cl not affect tile 
observed d o ~ ~ n ' i e d  chelnca shft of tlie h-bonded 
p,-oton Val~.es are repo~ied as lnean = 2 SD 

43 ApXa va l~~es  ale deined as tile clference bet'::een 
the n t r t i sc  1:Y's (pi(,! ) ,78) oi tile h - o o i d  donor 
atid acceptor. Fol X-PAS, tills recluces to Il:K, = p 

Co~~stei i ts of 0rge;?,c Acds ,I, Aoi,eo~is Sok:tb~i 
:Buttel-$~!ortlis, Lonclon, 1961). 

47. \Ye tliank J. Bra~~man,  ?. Xnman, ancl J. I<~rscn for 
disc~~ssions atid I ie ls f~~I  succestio:is, the Borcl:.:ell 
cJroul: for technca help, anel tile Yerscnlag lab for 
cot--1ments on the manusclpt. Ths ;:ark IS supl:o~i- 
ed b; g~ants fro,n the Luclle P. Mar.;e; Chartable 
T r ~ ~ s t  and tlie CIicacJo Colnmunt: Trust to D.?. 3 . H .  
:s a Lucille P. Marke: Sclioar and a Seare Sclioa:. 
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rein in the 8- tc> 9-il,iy-old mice, whereas 
62"b of the 6- to 7-clay-~ld pllps had cliar- 
rhea. Intraperitoneal administration ot 1 
nmol of NSP4 resulted in iliarrhea in 10C':h 
of the 6- to 7-day-old mice, anil in 60% of 
the older animals, Intraileal ~lelivei-y i>t 0.5 
1111101 of protein i11Lluced diarrhea in 102q;, 
of the yc7~111g ( 8  to 9 dciys) mice, wl~ereas n o  
diarrhea n.as ohserve~l in the 17- to 1s-clay- 
c>lJ pup% Tl i l~s ,  the response to KSP4 \\;as 
age- ancl dohe-~le~enclent in CD1 pups. 111 

ad~lit ion, the i11~1ucti011 of Lliarrhea 1.y KSP4 
n-as specific, as administration of the  same 
c o n c e n t r a t i ~ ) ~ ~  of purifiecl rotavin~s VP6 or 
the same \.ol~lme of buffer had no  effect 
(Fig. 1 ) .  I n t r a m ~ ~ s c ~ ~ l a r  ( im) inoc~llation c-it 
1 n111c>1 of plrrifie~l NSP4 pro~l~rceii  n o  111 
effects ( 1 L?) .  

W e  nes t  tehteci the effect ot a synthetic 
p e p t ~ ~ l e  corre~poniling to NSP4 residues 
114 to 135 (NSP4 114-1 35) ileli\lerecl by 
tile I L ~  or i l  route to Illice of d~f fe re~ l t  age.; 
(Fig. 2) ( 9 ,  1 1 ). Lliarrhea was observeii in 
the 6- to 7-llay-old illlie \\,it1111l 1 tc  3 lhiiurs 
after inoculation [600;, ( ip) ,  71% (il)] ,  
ni\'hereas iliarrhea \viis not seen 111 animals 
older tllan 11 days, e\,e11 when ,i two- or 
ri>~rrfolcl greater dose of peptiile u7,is aiimin- 
iitereil ip (Fig. 2 ) .  Intraiieal iiel~very of the 
peptiile to ~ L I ~ S  11 to 12 or 17 to 18 Jays old 
ca~~hei i  ,liarrhea in 75 or 2% of the ,inimals, 
respectively. These data indicnte nn in- 
creaseit sensitivity to the peptide \vile11 ile- 
li\.ered iiirectl\- into the l ~ u n e n  of the intes- 
tine, anii reveal an  age-Llepen~ient illsease 
response to the NFP4 111-135 licpt~iie tli,it 
is si~llilar to tlhat seen 111 11nrural rotar.irus 
i n f c ~ t ~ o n ~  or after i~~ocu ia t io~n  of purifieLl 
NSP4. Regarilless o f t h e  close or the route o t  
, iLlrn~n~stratiLi of the peptiile, the kinetics 
o t  iliarrllen inciuction were similar to those 
observe,l wit11 purified NSP4. Ho\\rever, as 
coml~areil n.itl1 NSP4. the effecti\.c close of 
NSP4 114.1 35 pepti~ie \yclr ci>nsiilernhly 


