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Hydrogen Tunneling in Enzyme Reactions 

Primary and secondary protium-to-tritium (HIT) and 
deuterium-to-tritium (Dm) kinetic isotope effects for the 
catalytic oxidation of benzyl alcohol to benzaldehyde by 
yeast alcohol dehydrogenase (YADH) at 25 degrees Cel- 
sius have been determined. Previous studies showed that 
this reaction is nearly or fully rate limited by the hydro- 
gen-transfer step. Semiclassical mass considerations that 
do not include tunneling effects would predict that 
kH/kT = (kdkT)3'26, where kH, kD, and kT are the rate 
constants for the reaction of vrotium. deuterium. and 

L 

tritium derivatives, respectively. Significant deviations 
from this relation have now been observed for both 
primary and especially secondary effects, such that experi- 
mental HIT ratios are much greater than those calculated 
from the above expression. These deviations also hold in 
the temperature range from 0 to 40 degrees Celsius. Such 
deviations were previously predicted to result from a 
reaction coordinate containing a significant contribution 
from hydrogen tunneling. 

nuclear tunneling contributes to enzymatic reaction rates under 
biologically relevant conditions. The phenomenon of hydrogen 
tunneling is an especially promising area to pursue, in that hydrogen 
has a small mass and the kinetics of protium can be compared with 
its isotopes, deuterium and tritium (4).  Detection of H-tunneling 
in chemical reactions has relied heavilv on either the detection of 
anomalously large isotope effects or the comparison of Arrhenius 
plots for H transfer to that for either D or T.  Given the enhanced 
hrobability for H tunneling, greater curvature is anticipated in its 
Arrhenius plot. A manifestation of this property is a decrease in the 
magnitude of the intercept obtained on extrapolation to infinite 
temperature such that the Arrhenius prefactors are ordered as 
AH < AD < AT (3). 

The detection of nuclear tunneling in enzymatic reactions presents 
several experimental challenges. In enzymatic systems, difusional 
binding processes, rather than chemical transformations, may limit 
catalysis (5 ,  6) .  Even in the event that an elementary chemical step 
can be isolated at a single temperature, alterations in temperature 
can lead to changes in rate limitation, giving rise to artifactual 
curvature in Arrhenius plots. In 1985 Saunders (7) demonstrated 
that the relation of DIT to HIT kinetic isotoue effects can show 
significant deviations from semiclassical limits when tunneling 
contributes to the H-transfer step. We have experimentally verified 
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Table 1. De Broglie wavelengths; h = h1(2rn~)', where rn is the mass of the 
particle and E = 20 kJimol. 

Particle 
Property - 

e H D T C 

Mass ( m u )  111750 1 2 3 12 
(4 27 0.63 0.45 0.36 0.18 

Fig. 1. Reaction-coordi- R 
nate diagram for the \ l i P conversion of reactant A I 

on the R potential sur- 
face to product B on the 
P potential surface. 
Thermal activation leads 
to an over-the-barrier 
process at transition 
state C. Vibrational I 
states have been shown I 

I 
for the reactant A. The 
superposition of wave 
functions for each vibra- 

A C  €3 
Nuclear coordinate 

tional level illustrates the Increasing barrler penetration with increasing 
temperature. 

this prediction in an enzymatic reaction. This method does not 
require knowledge of intrinsic isotope effects nor complete rate 
limitation by chemistry. The consequences of the detection and 
evaluation of nuclear tunneling in enzyme reactions include the 
description of reaction barrier shapes and an evaluation of the role of 
protein dynamics in enzyme catalysis. 

Basic theory. The phenomenon of tunneling results from the wave- 
panicle duality of matter and increases in probability with increasing de 
Broglie wavelength A. The de Broglie wavelengths for a range of 
particles with a total energy of 20 kJ/mol are shown in Table 1. The 
large wavelength of the electron (27 A) leads to a very high uncertainty 
in its position and a high tunneling probability. With regard to 
protium, a calculated wavelength of -1 A is near the length of a 
reaction coordinate, which also predicts a significant departure from 
classical behavior. The mass of D and T relative to H decreases their 
wavelengths and tunneling probabilities, respectively. 

The factors that contribute to hydrogen tunneling can be exam- 
ined more closely with a reaction coordinate diagram (Fig. 1). The 
nontunneling contribution to the conversion of reactant A to 
product B occurs by an over-the-barrier process, at the transition 
state, C. This process occurs from a series of molecular vibrational 
levels that are shown superimposed on the electronic potential 
energy surface for the reactant. Within each vibrational level a wave 
function has been drawn to illustrate the increasing overlap of the 
reactant wave function with the product state as the temperature is 
elevated and excited vibrational states are occupied. At room 
temperature, the molecule is almost exclusively in the zero-point 
vibrational level. The factors that lead to an increased tunneling 
probability from this state are a small particle mass (increased 
wavelength A) and a narrow barrier width (greater overlap of the 
wave function for A into B). 

Mathematical treatments of tunneling van  depending on the 
choice of a barrier shape. A commonly used barrier is the truncated 
parabola, which leads to the simplified tunneling correction of Eq. 1 
(3) 

where 12 is Planck's constant, k is Boltzmann's constant, v* is the 

reaction-coordinate frequency, T is the experimental temperature, 
and L = H, D, or T. The magnitude of v*, which is related to 
barrier curvature, can be formulated in the context of Hooke's law 
for a vibrating bond 

v* = (112~)  (FlrnL)"' (2) 

where r n ~  is the reduced mass of the transferred particle (8) and F is 
the force constant of the vibrating bond (9 ) .  From Eq. 2, the key 
features that determine the tunneling correction at room tempera- 
ture are the mass of the particle undergoing transfer and the 
reaction-coordinate shape. For reaction coordinates characterized by 
large values for F (for example, high, narrow barrier shapes), vf is 
large and tunneling corrections are important, whereas small values 
of F (for example, short, flat barrier shapes) lead to low values for 
v* and little or no tunneling. 

These properties can be found in simple hydrogen-transfer reac- 
tions on enzyme surfaces. Enzymes function by reducing reaction 
barrier heights, which for a fixed transfer distance may be expected 
to decrease both F and the frequency of tunneling. However, there 
are three features that may appreciably enhance tunneling at enzyme 
active sites. The first concerns the magnitude of internal equilibrium 
constants for the interconversion of substrates and products at 
enzyme active sites. A number of enzymatic reactions have been 
shown to have internal equilibrium constants, K,,, that are altered 
relative to the value of K,, in solution, with the value of K,, 
(internal) tending toward unity (10). The probability of hydrogen 
tunneling increases as the energy of reactants and products approach 
one another (1 1, 12). 

A second feature concerns the role of solvation in catalysis. For 
solution reactions, reorganization of solvent must accompany ele- 
mentary bond-making and bond-breaking processes in order to 
satisfy changes in charge distribution, hydrogen-bonding require- 
ments, and so forth. This coupling of solvent motion to hydrogen 
transfer may increase the mass of the transferred particle and reduce 
the probability for tunneling (13). On an enzyme surface, however, 
substrate binding leads to displacement of bound water (14),  such 
that the critical role of solvation is assumed by protein side chains. 
Since transition-state theory predicts that protein side chains will be 
positioned to stabilize optimally transition state (rather than ground 
state) structure (IS), little or no structural reorganization may be 
required in the bond cleavage step. 

Barrier width may also facilitate tunneling in enzyme catalysis. 
Secondary isotope effects in the catechol 0-methyltransferase reac- 
tion suggest that the transition state for enzymic methyl transfer has 
a decreased bond order relative to the model reaction (16). Such 
"close packing" may occur between a substrate and a catalytic side 
chain, as well as between two substrates in the transition state. To 
the extent that reduced barrier widths can be achieved on enzyme 
surfaces, tunneling may arise with a greater frequency than in bulk 
solvent. 

Isotope effects as probes. Many studies of isotope effects have 
focused on a comparison of two rate-constant ratios, kH/kD and 
kHlkT. In the absence of tunneling, kH/kD and kH/kT are related by 
reduced-mass considerations (1 7)  

The validity of Eq. 3 rests largely on the assumption that the 
semiclassical isotope effect is dominated by differences in G L  
(L = H, D, or T) stretching frequencies, which can be treated as 
harmonic oscillators. A number of investigators have examined the 
consequences of hydrogen tunneling to Eq. 3, and have found little 
deviation from an exponent of 1.44 (3). This observation can be 
understood qualitatively in the context of a reaction where protium, 
but neither a deuterium nor a tritium atom, tunnels. Since protium 
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is the common isotope relating the left- and right-hand sides of Eq. 
3, tunneling results in a relatively small perturbation of the semiclas- 
sical relation between D and T effects. 

Saunders, using inodel vibrational analysis calculations ( 7 ) ,  has 
demonstrated a subtle but important deviation from Eq. 3. The 
semiclassical relation between the two isotope effects, kHlkT and 
kDlkT, can be formulated in terms of reduced-mass considerations, 
leading to Eq. 4 

(kD/kT)3'26 = k ~ l k ~  (4) 

The key difference between Eqs. 3 and 4 is that in Eq. 4 tritium, not 
protium, is the common atom. Under conditions such that H 
tunnels with a greater probability than either D or T, an inflated 
value for the experimentally measured value of kH/kT results. 
Comparison of (kHlkT)obs to a value calculated from the experimen- 
tall~7 measured kDlkT (with the use of Eq. 4) leads to the following 
inequality: 

Thus Eq. 5 provides a simple and direct test of hydrogen tunneling. 
A major consideration in the application of Eq. 5 to enzyme 

reactions is the ability to isolate a single chemical step. In particular, 
it is important to question whether the inequality in Eq. 5 can arise 
artifactually through the introduction of multiple rate-limiting steps. 
Many workers (18-20) have pointed out that the presence of non- 
isotopically sensitive rate-limiting steps can cause Eqs. 3 and 4 to be 
invalid. This point can be addressed through the formulation of HIT 
and DIT isotope effects as introduced by Northrop (19): 

where V represents the maximal velocity, Km is the Michaelis 
constant, and C is the commitment to catalysis. As shown, observed 
VIK, isotope effects may be reduced from intrinsic isotope effects 
by C. Analogous equations have been written for HID and HIT 
isotope effects (19). An important difference exists, however, be- 
tween previously published formulations and the expressions in Eqs. 
6 and 7. As discussed by Northrop, equations for HIT and HID 
isotope effects contain the common parameter, CH. Thus the 
expressions for HIT and HID can be combined, so that a solution 
for the intrinsic isotope effect can be expressed in terms of experi- 
mentally measured HIT and HID effects (19). 

Inspection of Eqs. 6 and 7, however, indicates different commit- 
ments, since in Eq. 6 the frame of reference is G H  bond cleavage, 
whereas in Eq. 7 it is G D  bond cleavage. This key feature leads to 
reduction of the commitment term in Eq. 7 relative to Eq. 6 by the 
magnitude of the intrinsic HID isotope effect. Thus, to the extent 
that steps other than G L  bonding limit enzyme turnover, the 
experimentally measured HIT isotope effect is reduced relative to the 
intrinsic HIT effect by a significantly greater extent than is the DIT 
isotope effect. This effect results in a suppression of the magnitude 
of the observed HIT isotope effect relative to DIT, leading to the 
inequalitp(21) 

We note that Eqs. 5 and 8 predict opposite relations of DIT and 
HIT isotope effects under conditions of kinetic complexity (Eq. 8) 
versus hydrogen tunneling (Eq. 5). Thus we conclude that condi- 
tions such that Eq. 5 holds provide unambiguous evidence for 
hydrogen mrieling in enzyme reactions. 

Experimental comparison of kdkT to kHlkT. The yeast alcohol 

Table 2. Primary kinetic isotope effects ( WK, isotope effects) for oxidation 
of benzyl alcohol to benzaldehyde at 25"C, pH 8.5. Conditions for determin- 
ing isotope effects were 80 mMglycine (pH 9.3), 10 mM semicarbazide (pH 
5.6), 10 mM NAD' [K, = 5 mM (39)], 2 mM benyzl alcohol [K, = 22 
mM (39)], and 800 Ulml YADH (Boehringer Mannheim Biochemicals). 
Errors are standard deviations based on five or more determinations at 25°C. 
The term (kH/kT)cdc was calculated from kD/kT)obs]3.26. Errors were 
calculated from 8 H R  = 3.26 [(kolkT)obs]2~2hbDiT. 

*Average values with standard deviations. 

Fig. 2. Transition-state geometry 
for the transfer of the primary hy- 
drogen (L,) between carbon centers 
C, and C2. As illustrated, the mo- 
tion of the secondary hydrogen (Lz) 
is coupled to that of the transferred 
atom (L,). [Adapted from (26) with 
permission O American Chemical 
Society.] 

dehydrogenase (YADH) reaction was chosen as a test reaction for 
several reasons. First, previous studies of primary isotope effects 
have implicated a rate-limiting hydride transfer step and an internal 
equilibrium constant near unity for the oxidation of benzyl alcohol 
by nicotinamide adenine dinucleotide (NAD+) (22) 

Second, early studies of secondary isotope effects in both the yeast 
and horse liver ADH reactions had indicated anomalously large 
values that were incompatible with other probes of transitidn-state 
structure (23, 24). Such anomalies have been interpreted in terms of 
coupled motion between the primary (L1) and secondary (L2) 
hydrogens at the methylene carbon of substrate undergoing oxida- 
tion (24, 25), such that motion at the noncleaved position (L2) 
becomes part of the reaction coordinate (Fig. 2). In this case, it 
becomes difficult to distinguish clearly between primary and second- 
ary isotope effects, as the secondary effect becomes inflated and the 
primary effect reduced (24, 25). In subsequent efforts, force-field 
calculations based on semiclassical mechanics could not fit the 
experimental data. Thus Huskey and Schowen proposed a quantum- 
mechanical correction and found that the experimental data for 
ADH could be satisfied by incorporation of a tunneling correction 
of Qt(H)/Qt(D) = 1.19 for the secondary isotope effect and 
Qt(H)IQt(D) = 1.57 for the primary effect (26). 

Our experimental protocol involved the enzymatic conversion 
(Eq. 9) of a mixture of tritiated benzyl alcohol [randomly tritiated in 
the (S)- and (R)-positions at C-1] and ['4~]benzyl alcohol (ring- 
labeled) to benzaldehyde and reduced NAD' (NADL). Identical 
conditions apply to both DIT and HIT isotope effect measurements 
(27). In all cases, product aldehyde was converted to semicarbazone 
with semicarbazide to prevent reversal of Eq. 9 as well as non- 
enzymatic oxidation of aldehyde to acid. Product semicarbazones 
were separated from alcohol and cofactor by reversed-phase high- 
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Table 3. Secondary kinetic isotope effects (VIK, isotope effects) for 
oxidation of benzyl alcohol to benzaldehyde at 25"C, pH 8.5. Experimental 
conditions were as described in Table 2. 

*Average values with standard deviations. 

data inkcate a differ- 
ence in activation ener- 
gy for G H  versus G O  $ 

0- 
0.0032 0.0034 0.0036 0.0038 

Fig. 3. Arrhenius plots 3 
for primary k$kT (+- 
+) and kdkT ( W O )  
isotope effects. (A) The 
data are shown in the 2 - 
experimental tempera- 
ture range, 0" to 40°C. 
(B) A full plot, showing 
the extrapolation of ex- I - 
perimental data to infi- 
nite temwrature. These 

u, 

bond cleavage of ED - = 3 

E,  = 313 kTlmol and 

A 

- - - -  U 
I Y 

.. 
AHIAD = 1.1 k 0.1, 
obtained from ED - 2 

EH = (ED - ET) - 
(EH - ET) and A H / A D  
= ( A H / A T ) I ( A ~ A T ) .  

1 

performance liquid chromatography and the ratio of 3~ to 14c was 
determined by scintillation counting. Ratios of 3H to I4C in 
product semicarbazones at early and late times yielded the secondary 
isotope effect, whereas comparison of 3H in NADL to I4c in 
semicarbazones yielded the pEimary isotope effect (28). 

The results of primary isotope effect measurements at 25°C are 
summarized in Table 2. Within each experiment, at least five time 
points at different conversions were determined, leading to an 
average error of 2 percent for both kD/kT and kH/kT  values. 
Comparison of multiple experiments also indicates very small error, 
with a reproducibility of 1 percent for kD/kT and k H / k T .  Calculated 
values fo; kH/kT  were obtained from experimental kD/kT values with 
Eq. 4. In all instances the calculated value for kH/kT was significantly 
less than the observed kH/kT ,  with the data in Table 2 requiring an 
exponent of 3.58 2 0.09 for agreement benveen the measured 
kD/kT and kH/kT values. Although 3.58 may not appear different 
from 3.26, the theoretical upper limit for the exponent in Eq. 4 is 
3.34 (29'). Thus the data in Table 2 provide clear evidence for a 

\ ,  

tunneling component in the transfer of hydrogen between substrate 
and cofactor. It is important to point out that comparison of DIT 
and H K  isotope effects requires &e determination of high-precision 
DIT and HIT isotope effects, since DIT errors propagate into the 
calculated value for HIT. 

A particularly compelling example of the breakdown of Eq. 4 
comes from a comparison of secondary isotope effects. As discussed 
above and illustrated in Fig. 2, there is evidence for coupling of the 
motion between the primary and secondary hydrogens at C-1 of 

alcohol in the course of enzvme-catalvzed oxidation 124. 25). One 
, , 

would then expect the conthbution of tunneling to &e transfer of 
L1 to be propagated into the noncleaved position (L2). Model 
calculations have demonstrated the extent of the breakdown of Ea. 4 
for secondary isotope effects as a fimction of the degree of coupled 
motion between L1 and L2 and the magnitude of the tunneling 
correction (7). 

Experimental data for secondary isotope effects at 25°C are 
presented in Table 3. The agreement among multiple time points for 
a given experiment is high, with average errors of 1 percent for 
kD/kT and 2 percent for kH/kT values. Reproducibility between 
experiments is also excellent, with essentially identical values for all 
kD/kT measurements and a deviation of 1 percent from an average 
value of 1.35 t- 0.02 for kH/kT .  Values of kH/kT have been calculated 
from the experimentally measured kD/kT effects with Eq. 4. These 
are diminished relative to the experimentally measured kH/kT effects, 
with the data in Table 3 requiring an unbelievable exponent of 
10.2 ? 2.4 for agreement between measured kD/kT and kH/kT 
values. These results confirm Eq. 5 and indicate that quantum- 
mechanical effects occur in the YADH reaction. 

Consequences for catalysis. In an early study (22), a secondary 
H/T isotope effect had been measured for the YADH oxidation of 
benzvl alcohol. vielding values identical to those in Table 3. The , J ', 

equilibrium isotope effect for the interconversion of alcohol to 
aldehyde kH/kT ,  was 1.33 * 0.05 (22). The identity of kinetic and 
equilibrium isotope effects suggested that the transition state for 
alcohol oxidation was late, involving complete rehybridization at C- 
1 from sp3 (alcohol-like) to sp2 (aldehyde-like) (30). However, this 
conclusion was in direct conflict with the results of structure- 
reactivity correlations, which indicated an early transition state 
resembling the alcohol (22). 

Our measurement of DIT secondary isotope effects (Table 3) 
resolves this dilemma. Note that kD/kT is near-unity. If we assume 
that relatively little tunneling occurs for G D  and C-T cleavage, this 
ratio approaches a "pure" value, which reflects the true change in 
bond rehybridization at C-1 of substrate in the transition state. 
Application of Eq. 4 provides a secondary kinetic HIT isotope effect, 
kH/kT = 1.11 t- 0.02, that can be compared with the equilibrium 
isotope effect of 1.33 i 0.05. This comparison indicates a relatively 
early transition state, involving only modest changes in bond 
rehybridization at C-1 of substrate. Thus, through the use of an 
isotope effect measurement that reduces the tunneling component to 
the reaction coordinate, both secondary isotope effects and struc- 
ture-reactivity correlations lead to a similar conclusion regarding 
transition-state structure. One must recognize that the inflated value 

', 

seen for the secondary HIT isotope effect is not simply a conse- 
quence of coupled motion, which is also present in DIT measure- 
ments (7, 26). Rather, it is a consequence of protium tunneling at 
H I ,  which, together with coupled motion, allows the 
of quantum-mechanical effects into the motion of H2  at the 
transition state (31). 

Given the establishment of hydrogen tunneling in the YADH 
reaction, it becomes important to integrate this phenomenon into 
our understanding of enzyme catalysis. First, we note that for 
hydrogen tunneling to be significant in enzyme catalysis, a reaction 
coordinate structure is required that does not involve a I~rge, direct 
coupling of protein motion to the bond cleavage evznt. Tight 
coupling of the movement of protein side chains to hydrogen 
transfer inflates the mass of the transferred particle and decreases the 
tunneling probability. 

Electron tunneling benveen metal sites in proteins has been 
extensively modeled by Marcus theory (32). In this theory, the 
electron motion is fully quantum mechanical, with the observed 
temperature dependencies arising from ligand reorganizations re- 
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quired for effective electron transfer. An analogous interpretation of 
nuclear tunneling in the YADH reaction would involve a model in 
which thermally activated protein motion is required for H, D, and 
T transfer. This motion allows the achievement of an optimal 
distance between donor and acceptor atom, followed by a quantum- 
mechanical penetration of the barrier by hydrogen. In such a model 
the temperature dependence for substrate oxidation would be nearly 
independent of isotopic substitution and would lead to large 
differences in Arrhenius prefactors for H-  and D-containing sub- 
strates, that is, AH/AD >> 1 (33). However, semilogarithmic plots 
of kH/kT and kD/kT versus temperature extrapolate to a value of 
&/AD near the semiclassical limit (AH/AD = 1.1 2 0.1) (Fig. 3). 
This result effectively rules out "classic" Marcus-type mechanisms 
for hydrogen transfer in the YADH reaction (34). 

In light of the above discussion a picture begins to emerge for 
hydrogen transfer in YADH which involves a combination of 
&erm&Iy activated, over-the-barrier processes and through-the- 
barrier events. Although D tunneling may contribute relatively little 
to the rate, given the observation of semiclassical effects on prefactor 
terms of AH/AD = 1.1 5 0.1 and enthalpies of activation of 
ED - EH = 3.3 2 1.3 kJImol, interpretation of these effects is 
complicated by the presence of coupled motion as well as tunneling. 
Some insight into possible magnitudes for Q,(H) and Qt(D) comes 
from an earlier computational study of Huskey and Schowen (26). 
The magnitude of isotope effects was shown to vary greatly, 
depending on the extent of contributions from coupled motion and 
tunneling with relatively small primary isotope effects arising in 
reactions characterized by substantial tunneling. Through the use of 
the truncated Bell equation (Eq. l ) ,  which is valid for moderate 
amounts of tunneling, values of Qt(H) = 4 and Qt(D) = 2.5 have 
been estimated for the reduction of ketones in the ADH reaction. 
Since Qt(L) reflects the ratio of rate constants for tunneling (ktun) to 
semiclassical thermal activation (k,,): 

the results of Huskey and Schowen suggest a fairly sizable contribu- 
tion of tunneling, -80 and -71 percent for net H and D transfer, 
respectively. 

The above discussion suggests that tunneling may represent a 
significant pathway for catalysis at the ADH active site. Independent 
of the absolute magnitude of Qt(L), the detection of tunneling 
introduces a new probe for the quantitative characterization of 
enzymatic reaction barriers. We are currently modeling the tempera- 
ture and mass dependencies in the YADH reactions, in an effort to 
describe the shape (both width and height) of the reaction barrier. 
In the course of these computations, we have begun to consider a 
possible role for protein motion in the bond-cleavage event. Exami- 
nation of existing structures for ternary complexes in the horse liver 
ADH reaction (35, 36) and in dihydrofolate reductase (37) indicates 
bond distances of 3.4 to 3.6 A between C-1 of the substrate and C-4 
of the cofactor. Although these distances may contain considerable 
error [especially when model-building is necessary to obtain a 
catalytically relevant structure (36)], they are too long for either a 
semiclassical hydrogen transfer or a reaction involving tunneling of 
hydrogen through the barrier (38). It appears that the available 
(static) x-ray structures do not provide a realistic barrier width and 
that changes in active-site geometry are required before reaction can 
occur. These changes need not involve a discrete protein conforma- 

w 

tional change, since protein breathing motions alone may provide 
the reduction in barrier width required for a subsequent hydrogen- 
transfer event to occur. 
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Receptor and Antibody Epitopes 
Growth Hormone Identified by 

in Human 
Homolog- 

Scanning Mutagenesis 

A strategy, termed homolog-scanning mutagenesis, was 
used to identifv the etlito~es on human growth hormone 
(hGH) for binJding t6 itccloned liver r&eptor and eight 
different monoclonal antibodies (Mab's) . Segments of 
sequences (7 to 30 residues long) that were derived from 
homologous hormones known not to bind to the hGH 
receptor or Mab's, were systematically substituted 
throughout the hGH gene to produce a set of 17 chimeric 
hormones. Each Mab or receptor was categorized by a 
particular subset of mutant hormones that disrupted 
binding. Each subset of the disruptive mutations mapped 
within close proximity on a three-dimensional model of 
hGH, even though the residues changed within each 

subset were usually distant in the primary sequence. The 
mapping analysis correctly predicted those Mab's which 
could or could not block binding of the receptor to hGH 
and further suggested (along with other data) that the 
folding of these chimeric hormones is like that of hGH. 
By this analysis, three discontinuous polype tide determi- 
nants in hGH-the loop between residues ! 4 and 74, the 
central portion of helix 4 to the carboxyl terminus, and to 
a lesser extent the amino-terminal region of helix 1- 
modulate binding to the liver receptor. Homolog-scan- 
ning mutagenesis should be of general use in identifying 
sequences that cause functional variation among homolo- 
gous proteins. 

H UMAN GROWTH HORMONE (HGH) PARTICIPATES IN THE 

regulation of normal human growth and development. 
This 22-kilodalton pituitary hormone has a multitude of 

biological effects, including linear growth (somatogenesis), lacta- 
tion, activation of macrophages, and insulin-like and diabetogenic 
effects (1). Growth hormone deficiency in children leads to dwarf- 
ism, which has been successfully treated by injection of hGH. In 
addition to its biological properties, the antigenicity of hGH is 
usefbl for distinguishing genetic and post-translationally modified 

variants of hGH (4, for characterizing any immunological respons- 
es to hGH when it is administered clinically, and for quantifying the 
hormone during circulation. 

Human growth hormone is a member of a family of homologous 
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