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Background: Human growth hormone (hGH) binds to resulting mutant protein showed a 20-fold increase in 
both the hGH and human prolactin (hPRL) receptors. hGH binding in the presence of ZnClz. Alanine-scanning 
Binding to the hPRL receptor, however, is -50-fold mutagenesis showed that the binding site on hGH for the 
tighter and requires a single Zn2+ cation, unlike binding Asn218-tHis hGH receptor in the presence of Zn2+ 
of hGH to the hGH receptor. Previous mutational studies resembled that for the hPRL receptor. 
have identified putative ligands from hGH and the hPRL Conclusions: It is possible to introduce the metal- 
receptor responsible for coordinating the interfacial Zn2+. binding site from the hPRL receptor into the homol- 
Results: One of these ligands was introduced at a struc- ogous hGH receptor. More generally, these studies 
turally analogous site in the extracellular domain of the indicate that affinity between two proteins may be 
hGH receptor by mutating Asn218 to His, and the enhanced by design of an interfacial metal-binding site. 
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Introduction 
The design of metalloproteins and the incorporation of 
metal-binding sites into protein frameworks has received 
considerable attention in recent years (see [1,2] for recent 
reviews). Engineered metal-binding sites have been 
useful in attempts to stabilize proteins by making loops 
more rigid (for example, see [3,4]) or by bridging 
a-helices [5,6]. A metal-ion binding site has also been 
introduced into an antibody domain by rational protein 
design [7], and metal sites have been used to assist in 
protein purification (reviewed in [S]). 

We wondered whether it was possible to use a metal- 
binding site to enhance the affinity of a protein-protein 
interaction. The zinc-mediated interaction of human 
growth hormone (hGH) with the extracellular domain 
of the human prolactin receptor (hPRLbp) is a naturally 
occurring example of such an interaction [9]. In 
the absence of Zn’+, hGH binds to hPRLbp with rela- 
tively low affinity (Kd = 270 nM). In the presence of 
50 I_IM ZnC12, however, the binding affinity increases 
about 8 OOO-fold (Kd = 33 PM). In contrast, zinc is not 
required for the binding of hGH to the extracellular 
domain of the hGH receptor (hGHbp). 

Scanning mutational studies [9,10] indicated that the 
ligands for binding zinc are shared between hGH and 
hPRLbp. In particular, His188 on hPRLbp was shown 
to be important in binding Zn2+. Based on sequence 
alignments, the corresponding residue in hGHbp is 
Asn218. In view of the dramatic increase in binding 
affinity of the hGH-hPRLbp interaction in the presence 
of zinc, we wondered whether a similar zinc-binding site 
could be introduced into the hGH-hGHbp interface. 

Here we report the design and characterization of the 
hGHbp variant, Asn218’His (N218H), and show that 
it has increased affinity for hGH in the presence of 
Zn’+. We also present the functional mapping of the 
residues on hGH responsible for binding to the mutant 
hGHbp and discuss the possible mechanism of Zn2+- 
mediated binding enhancement in the light of the 
recently determined structure of hGH in complex with 
hPRLbp in the presence of Zn2+ (W. Somers, A. deVos, 
A. Kossiakoff, personal communication). 

Results and discussion 
Design, construction and expression of mutants 
Analysis of the sequences of growth hormone and prolactin 
receptors from different species shows that His188 in the 
prolactin receptor is conserved, whereas the homologous 
residue in the growth hormone receptor is Asn218 
(human) or Ser (rabbit, mouse and rat). Furthermore, in 
the three-dimensional structure of the hGH-(hGHbp), co- 
complex [l l] the side chain of receptor residue Asn218 is 
buried in the hormone-receptor interface between Hisl8, 
His21 and Glu174 of the hormone (Fig. 1). Asn218 is one 
of the most deeply buried residues in the interface between 
hGH and hGHbp, losing more than 100 A2 of solvent- 
accessible surface upon binding of the hormone. We 
therefore reasoned that it may be possible to recruit zinc 
dependency into the hGH-hGHbp interaction by 
changing Asn218 to His. 

Modelling of the hGH-hGHbp structure indicates that 
His218 in the receptor could possibly coordinate a Zn2+ ion 
along with several side chains from hGH. Indeed, one of the 
heavy metal derivatives used to solve the crystal structure 
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Fig. 1. Structure of the region around Asn218 in hCHbp in 
complex with hGH [II]. Helices from hGH are in pink and the 
loop containing Asn218 in hCHbp is in yellow. Asn218 from 
hGHbp is shown in red, and the putative Zn2+ ligands from 
hGHbp are in blue. 

(K2AuC14) has a gold 10x1 in this region (A. deVos, personal 
communication). As a control, and to investigate the func- 
tional role of Asn218 in the wild-type hGH-hGHbp inter- 
action, we constructed a mutant hGHbp in which Asn218 
was replaced by Ala. The hGHbp mutants N218A and 
N218H were constructed using site-directed mutagenesis 
and were expressed and purified as described in Materials 
and methods. The purified proteins were analyzed by SDS 
polyacrylamide gel electrophoresis and found to be >90 % 
pure (data not shown). 

Binding of hGH to hGH receptor mutants 
In the absence of Zn2+, the N218A substitution in 
hGHbp has little effect on hGH affinity (Table 1). This is 
remarkable considering that Asn218 is the second most 
deeply buried residue in the X-ray crystal structure, but 
not unprecedented in light of recent mutational analysis of 
hGH, which shows that over half of the side chains that 

Table 1. K, values for the interaction of hGH with wild-type, 
N218H and N218A hCHbp in the presence and absence of Zn*+. 

Kd -Zn (nM) K, +Zn (nM) 

WT hGHbp 1.05 + 0.2 3.0 * 1 .o 

N218A hGHbp 1.25 + 0.41 0.31 + 0.043 

N218H hCHbp 0.93 * 0.13 0.046 + 0.014 

Values were determined by radioimmunoassay with antibody 
MAb5, which inhibits receptor dimerization and only allows 
formation of a 1 :I hormone-receptor complex. Mutations are 
designated by the wild-type residue that is mutated (single letter 
amino acid code) followed by its sequence position and mutant 
residue. For example, N218A represents a mutation where 
asparagine 218 is converted to alanine. WT, wild-type. 

contact the receptor in the crystal structure can be singly 
mutated to Ala with little or no effect on affinity [12]. 
Kinetic analysis by surface plasmon resonance using the 
BIAcore system showed that there is less than a two-fold 
increase in off-rate and a negligible effect on the on-rate 
for the binding of N218A hGHbp to hGH in the absence 
of Zn2+ (data not show n . Even in the case of the N218H ) 
substitution, there is no disruption of binding in the 
absence of Zn2+. 

In the presence of 50 pM ZnCl,, the binding of hGH to 
wild-type hGHbp is slightly weaker than in the absence of 
Zn2+. The affinity of the N218A mutant is slightly higher 
in the presence of Zn2+, however, suggesting the possi- 
bility that weak binding of Zn2+ in the wild-type 
hGH-hGHbp complex is sterically disruptive, and that 
this disruption can be alleviated by the N218H mutation. 
The affinity of the N218H mutant increases approxi- 
mately 20-fold in the presence of 50 FM ZnCl,, with the 
result that it binds to hGH almost as tightly as does the 
hPRL receptor in the presence of similar concentrations 
of Zn2+. Moreover, the zinc concentration required for 
half-maximal binding of hGH to either hPRLbp or 
N218H hGHbp was similar (lo-20 pM ZnC12), and in 
both systems binding was nearly maximal at 50 pM ZnCl, 
([9], data not shown). 

We also studied binding of hGH to wild-type hGHbp 
and N218H hGHbp in the presence and absence of 
Zn2+ using analysis with the BIAcore system (Table 2). 

Table 2. BlAcore data for binding of hCH to immobilized wild-type 
hCHbp and N218H hCHbp in the presence and absence of Zn2+. 

k M-‘s-’ 

-ZnCY: 

k,, s-l 

+ZnCI, -ZnCI, +ZnCI, 

WT hGHbp 3.0x 10s ND 2.7~10~ ND 

N218H hGHbp 2.7~10~ 2.3~10~ 3.2 x lOA 1.2 x 1O-5* 

The data for wild-type hCHbp binding to hGH are taken from 
1121; ND, not determined. *Calculated from (K,.k,,). 

In the absence of Zn2+ the on and off rates for wild-type 
and N218H hGHbp were very similar. In the presence 
of Zn2+, the on-rate for N218H hGHbp was hardly 
changed; however, the off-rate was decreased about 
lo-fold, and could not be reliably measured by the 
instrument. We therefore report a value calculated from 
[Kd.k,,]. The decrease in off-rate is consistent with 
previous protein-engineering studies in which affinity 
enhancements were found largely to affect off rates and 
not on rates [12-141. 

Mapping the binding site on hGH using 
alanine-scanning mutagenesis 
The hGHbp and hPRLbp receptors have overlapping but 
distinctly different binding sites on hGH [lo]. We 
therefore wondered whether the N218H hGHbp mutant 
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Fig. 2. Receptor-binding determinants identified (a) for hGHbp 
and (b) for hPRLbp binding sites by alanine-scanning mutagenesis 
of hGH [9,10,15]. 

retained the hGHbp mode of binding to hGH or had a 
novel hGH binding site. The hGH residues that were 
found to affect either hGHbp binding or hPRLbp 
binding in alanine-scanning studies are shown in Fig. 2. In 
addition, the hGH mutant R64K/H21A/E174A has been 
shown to have a greatly enhanced specificity for binding 
to hGHbp compared with hPRLbp [15]. To examine 
further the nature of the interface between N218H 
hGHbp and hGH, we used hGH mutants in which 
residues at the receptor interface were replaced with Ala 
[16]. We determined the values of K,(mut)/Kd(WT) for 
binding of these analogs to N218H hGHbp in the 
presence and absence of 50 FM ZnClz (Table 3). 

In the absence of Zn 2+, there is little difference between 
the binding of most of the Ala mutants of hGH to wild- 
type hGHbp or to the N218H variant (Fig. 3a). For 
example, hGH mutants that are known to have a 
reduced affinity for the wild-type receptor (E56A, 
R64A and D171A) also have a reduced affinity for 
binding to N218H hGHbp. Moreover, the hGH 
mutants Hl8A, HZlA, E174A, R167A and K168A are 

Table 3. K&mut)/K,(WT) for hCH mutants binding to wild-type 
hGHbp and N218H hGHbp. 

Mutant +Zn WT hGHbp N218H hGHbp AAAG 

K&nut) K&mut) kcal mol-’ 

K#JVC K&WT) 

E56A + 1.6kO.7 1.2kO.31 -0.12 
_ 4.1* 2.5~0.6 -0.29 

R64A + l&0+14.6 6.2i2.52 -0.58 
_ 21* 26.5k6.9 -0.14 

D171A + 4.9k1.9 1.810.7 -0.54 
_ 7.1' 6.8k1.7 -0.02 

H18A + 0.18+0.09 0.4iO.l 0.65 
- 1.6* 0.35k0.09 -0.86 

H21A + 0.15+0.11 0.4kO.l 0.76 
- 0.33' 0.19+0.07 -0.29 

El 74A + 0.036+0.020 1.8+0.7 2.3 
_ 0.22” 0.23+0.07 -0.04 

RI 67A + 0.93iO.48 2.4kO.6 0.63 
_ 0.75* 1.03+0.25 0.18 

K168A + 0.18+0.09 3.4&l .4 1.84 
_ 1.1* 1 .I 4+0.25 0 

R64WH21AI + 0.03+0.01 1.010.3 2.13 

El 74A _ 0.03t 0.03+0.01 0.65 

Values were determined by radioimmunoassay using antibody 
MAb5. MG for binding to wild-type or N218H variant hCHbp, 
defined as AAG = RTln(KJhGH mutant)/KJWT hGH)), was 
used to calculate AAAG = AAGcN218H hCHb,,) - ABC& hCHbpI. 
Hence, positive values of AAAG indicate that the mutant hGH 
has a more disruptive (or less enhancing) effect on N218H 
hGHbp binding than on wild-type hGHbp binding. 
*K&mut)/KJWT) for single hGH alanine mutants calculated 
from [lo]. +K&mut)/K&WT) for R64KiH21 A/El 74A mutant cal- 
culated from [I 51. Errors in single K, values for these measure- 
ments were estimated as +25 %. 

known to exhibit decreased binding to hPRLbp, but 
their binding to hGHbp is not much decreased (and for 
some mutants is even enhanced). Again, the same effects 
are observed for binding to N218H hGHbp. The only 
anomaly is H18A hGH, which binds slightly more 
weakly to wild-type hGHbp, but somewhat more tightly 
to N218H hGHbp, than does wild-type hGH. This 
observation is not surprising, as the crystal structure of 
the hGH-hGHbp complex shows that hGH residue 
His18 is in direct contact with Asn218 in the receptor. 
Also, the triple mutant R64K/H21A/E174A, which is 
extremely selective for binding to wild-type hGHbp 
compared with hPRLbp, has the same affinity for 
wild-type hGHbp as for N218H hGHbp. 

In the presence of Zn2+, some of the alanine mutants of 
hGH bind with very different affinities to wild-type and 
N218H hGHbp (Fig. 3b). Generally, hGH mutants that 
are reduced in affinity for hGHbp but not hPRLbp 
(E56A, R64A and D171A; Fig. 2) are not as reduced in 
affinity when binding to N218H hGHbp. Similarly, the 
hGH mutants R167A and K168A (which have reduced 
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affinity for hPRLbp but are distant from the site of the 
Zn2+ ligand) show decreased binding to N218H hGHbp 
but not to wild-type hGHbp. In fact, the K168A 
mutation somewhat enhances binding to wild-type 
hGHbp in the presence of Zn2+. These results are quali- 
tatively consistent with hGH binding to the N218H 
variant as it does to the hPRL receptor; however, there 
are some important quantitative differences. For example, 
mutating any one of the putative Zn2+ ligands (His18, 
His21 or Glu174) to alanine has little effect on binding of 
hGH to N218H hGHbp in the presence of Zn2+. Only 
E174A shows a small (2-fold) decrease in binding. The 
same hGH mutants all have a higher affinity for wild-type 
hGHbp in the presence of Zn’+. It is possible that the 
mode of binding shifts for these mutants, resulting in 
other compensating interactions. For example, Asp171 in 
hGH is close to the proposed Zn2+ coordination site [l l] 
and may coordinate Zn2+ when one of the other ligands 
on hGH is mutated to Ala. Whatever the explanation, the 

d-4 Plus Zn2+ 

Fig. 3. Effect of hCH mutations on binding to wild-type hGHbp 
(solid red bars) and N218H hGHbp (hatched bars) in (a) the 
absence and (b) the presence of Zn2+, represented as 
KJmut)/K,(WT). 

fact that the affinity of the N218H hGHbp variant is 
much higher for the HlSA, H21A and E174A hGH 
mutants in the presence of Zn2+ indicates that Zn2+ 
coordination is still able to enhance the affinity of the 
protein-protein interaction. Moreover, the hGHbp- 
specific triple mutant R64K/H21A/E174A hGH binds 
more tightly than wild-type hGH to the N218H receptor 
in the absence of Zn2+ but has the same affinity as wild- 
type hGH in the presence of Zn2+. This variant binds 
much more tightly than wild-type hGH to wild-type 
hGHbp in the presence and absence of Zn2+. Thus, in 
this case it seems that simultaneously introducing the 
mutations R64K, H21A and E174A into hGH dimin- 
ishes the Zn2+-mediated binding to hGHbp but enhances 
the Zn2+-independent binding (Table 3). 

Another way to express the change in binding specificity 
for the N218H mutant relative to the wild-type hGHbp 
is to calculate the free energy change between them on 
binding the hGH mutants (Fig. 4). In this case, a positive 
value of AAAG (as defined in Table 3) indicates that a 
particular hGH mutant has a more disruptive effect 
(relative to hGH) on binding to the N218H variant 
compared with binding to wild-type hGHbp. From this 
analysis, it is clear that in the absence of Zn2+ (Fig. 4a) 
both wild-type and N218H hGHbp bind the hGH 
mutants with similar affinities, in other words, AAAG is 
small (with the exception of the H18A mutant, as 
discussed above). In the presence of Zn2+ (Fig. 4b), the 
hGH mutants that show reduced affinity for wild-type 
hGHbp (E56A, R64A and D171A) are not as much 
reduced in affinity for the N218H hGHbp variant 
(negative AAAG). Conversely, AAAG is positive for those 
hGH mutants that show reduced affinity for hPRLbp 
(H18A, H21A, E174A, R167A and K168A), indicating 
that hGH binding to wild-type hGHbp is significantly 
less disrupted (more enhanced) by these mutations than is 
binding to N218H hGHbp. Hence, the mutagenesis data 
provide evidence that, in the absence of Zn2+, the 
binding site for N218H hGHbp on hGH is similar to that 
for the wild-type hGHbp. On addition of Zn2+, the 
binding site for N218H hGHbp on hGH is more like 
that of hPRLbp than that of hGHbp. 

Implications for the design of interfacial 
metal-binding sites 
By means of a single amino acid substitution (N218H) in 
hGHbp, we have recruited a zinc ligand into the 
hGH-hGHbp interface. Although Asn218 is deeply 
buried in the hormone-receptor interface, it makes a 
negligible contribution to overall binding energy as 
measured by RIA and BIAcore analysis of the N218A 
mutant. The K, for the N218H mutant receptor binding 
to hGH is about 65 times lower than that for wild-type 
hGHbp binding to hGH in the presence of Zn2+, and 
about 20 times lower than that of hGH binding to 
N218H hGHbp in the absence of Zn2+. Although the 
Zn2+-mediated enhancement is not as great as that 
observed for hPRL binding to the hPRL receptor, the 
absolute K, value is similar. 
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Recently, the structure of hGH in complex with hPRLbp in 
the presence of Zn 2’ has been solved (W Somers, A. deVos, 
A. Kossiakoff, personal communication). This structure 
indicates that only two of the putative Zn2+ ligands from 
hGH, His18 and Glu174, are in direct contact with the 
Zn2+ ion, and that Asp187 as well as His188 from the 
hPRLbp are involved in coordinating the metal ion. We 
have constructed a mutant hGHbp that incorporates both of 
the Zn2+ ligands from the hPRLbp (R217D/N218H) and 
find that it binds hGH in the presence of Zn2+ with a K, of 
-25 pM (data not shown), only two-fold lower than that for 
the N218H mutant. In view of the recent structural infor- 
mation, it is perhaps remarkable that the single N218H 

Fig. 4. Difference between binding of mutant hCH proteins to wild- 
type and N218H hGH receptors in (a) the absence and (b) the 
presence of Zn2+. Hatched bars indicate mutants that show reduced 
affinity for wild-type hGHbp; solid red bars, mutants that show 
reduced affinity for hPRLbp. The graph shows AAAG = AAGN2,sH - 
AAG,,, where AAG = RTln(K,(hGH mutant)/K,(WT hGH)) for 
either the WT hGHbp or N218H hGHbp. Positive values of AAAG 
indicate that the hGH mutant has a more disruptive (or less 
enhancing) effect on N218H hGHbp binding compared to WT 
hGHbp binding. Conversely, negative values of AAAG indicate that 
binding of the mutant hGH to the N218H hGHbp is less disruptive 
(or more enhanced) compared to WT hGHbp. 

mutant exhibits such a pronounced effect in the absence of 
the R217D substitution. We hypothesize that several alter- 
native Zn2+ coordination schemes may be possible at this 
region of the hormone-receptor interface, involving Hisl8, 
His21, Glu174 and/or possibly Asp171 from the hormone. 
Further mutational analysis and structural studies will be 
needed to sort out these alternative coordination schemes. 

Significance 
Human growth hormone (hGH) binds to two cell 
surface receptors, the hGH and human prolactin 
(hPRL) receptors, with different results; while 
binding to the hGH receptor affects many biolog- 
ical processes, including linear bone growth and 
somatogenesis, binding to the human prolactin 
receptor affects mainly lactation and immune 
stimulation, The binding sites on hGH for these 
receptors are distinctly different, and hGH 
binding to the hPRL receptor is greatly enhanced 
in the presence of zinc, whereas hGH binding to 
the hGH receptor is zinc independent [lo]. Zinc 
is important in many endocrine functions, and 
the zinc dependency of hGH binding to the hPRL 
receptor may explain some of the medical effects 
of zinc deficiency, including growth retardation 
and hyperprolactinemia. 

Zinc-binding sites in proteins typically involve 
coordination by four ligands. In the hGH-hPRL 
receptor pair the zinc-coordinating ligands are 
shared between the hormone and the receptor. 
Earlier studies had shown that zinc binding at this 
site is essential for high-aftinity hormone binding, 
and we were thus interested to see whether engi- 
neering a zinc coordination site in the extracellular 
domain of the hGH receptor (hGHbp) could also 
increase the affinity of the hGH-hPRLbp inter- 
action in a zinc-dependent manner. Structural and 
sequence comparisons between the two proteins 
indicated that it might be possible to engineer a 
zinc-coordination ligand into hGHbp by changing 
a single amino acid. Thus, by engineering a single 
His residue into hGHbp, we created an interfacial 
zinc-binding site, which resulted in a nearly 
lOO-fold improvement in the binding affinity. 

Interestingly, recent structural studies on the 
complex of hGH with hPRLbp indicate that the 
original model of zinc coordination in this 
complex was not completely accurate, in that 
it now seems that not one but two of the 
zinc-coordinating ligands come from the 
hPRL receptor. Thus the explanation for the suc- 
cessful zinc coordination in our engineered 
complex remains to be determined in detail. 
Nevertheless, these studies suggest that improving 
protein-protein interactions by incorporating a 
zinc-binding site between protein partners is 
feasible, and that such a site can provide large 
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improvements in affinity in the presence of zinc. 
There are now numerous examples of proteins 
that have been successfully engineered with 
metal-binding sites [5-S], and thus it is reasonable 
to expect that interfacial zinc sites can be 
designed between proteins, providing that the 
placement of the ligands at the site does not 
sterically or electrostatically disrupt the interface. 

Materials and methods 
Materials 
T4 polynucleotide kinase, T4 DNA ligase and T7 DNA poly- 
merase were purchased from New England Biolabs or 
Gibco-BRL. Monoclonal anti-hGH receptor antibody MAb5 
was obtained from Agen Biomedical Ltd. Materials for 
BIAcore biosensor analysis were obtained from Pharmacia 
Biosensor. 

Preparation of hGHbp and hGH mutants 
Mutants of hGHbp were made in the vector phGHr(l-238) 
[17]. Expression of hGHbp is directed by the Eschevichia coli 

alkaline phosphatase @,hoA) promoter and stI1 signal sequence 
[18]. The vector also contains an fl origin, facilitating the pro- 
duction of single-stranded DNA for site-directed mutagenesis 
[19] and sequencing [20]. 

Expression and purification of mutant proteins was essentially as 
described for wild-type hGHbp [17,21]. The expression and 
purification of the hGH mutants used in alanine-scanning 
experiments has been described previously [16]. 

Binding assays for hGHbp 
Binding affinities were measured using competitive displacement 
of [lz51]hGH and precipitation using an anti-hGHbp antibody 
(MAb5) as described [17,22], in a buffer containing either 50 uM 
ZnC&, 50 mM Tris (pH 7.5), 10 mM MgCl,, 0.1 % bovine 
serum albumin and 0.02 % sodium azide or 1 mM EDTA, 
50 mM Tris (pH 7.5), 0.1 % bovine serum albumin and 0.02 % 
sodium azide. 

Analysis of on and off rates was performed using surface 
plasmon resonance detection with the BIAcore system 
(Pharmacia). To couple mutant hGHbp to the biosensor chip, 
a cysteine residue was introduced in place of Ser201 in the 
receptor by site-directed mutagenesis. This residue is in the 
receptor-receptor interface [I 11. Therefore, coupling hGHbp 
to the dextran matrix via this residue only allows formation of 
the 1:l hGH:hGHbp complex [12]. The S2OlC mutant was 
expressed in E. coli and purified as described above, except that 
the purified protein was incubated with l/39 volume of 1 M 
L-cysteine in 1 M NaHC03 at 4 “C for 2 h to deblock any 
intermolecular cysteine bonds and desalted by gel filtration 
on a PDIO column (Pharmacia). For coupling to the biosensor 
chip, the carboxy-dextran chip surface was activated with 
n-ethy-n-(3-diethylaminopropyl)-carbodiimide (EDC) and 
reacted with n-hydroxysuccinimide (NHS). The NHS-ester 
was then reacted with 2-(2_pyridinyldithio)-ethaneamine 
(PDEA). Unreacted NHS-ester groups were displaced by 
ethanolamine. The hGHbp variant was reacted with the matrix 
(at lo-50 pg ml-’ in 10 mM sodium acetate pH 5.0) until 
approximately 1 800 resonance units (RUs) were coupled. For 
determination of on rates, the binding profiles of hGH were 
measured at different concentrations ranging from 10 nM to 

1 000 nM in an assay buffer containing 10 mM Tris (pH 7.5), 
150 mM NaCl, 0.05 % (w/v) Tween 20 containing either 
1 mM EDTA or 50 pM ZnCJ. The matrix was regenerated by 
washing for 20 s with 4.5 M MgCl,. Off rate measurements 
were performed by saturating the chip with a high concentra- 
tion (5-10 FM) of hGH. To minimize the effects of rebinding, 
only the initial portion of the dissociation curve was used 
for calculation. Both association and dissociation rates were 
determined using the manufacturer’s software [23]. 
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