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Abstract

An accurate protein concentration is an essential component of most biochemical experiments. The
simplest method to determine a protein concentration is by measuring the Aygp, using an absorption
coefficient (g), and applying the Beer-Lambert law. For some metalloproteins (including all
transferrin family members) difficulties arise because metal binding contributes to the A,gg in a non-
linear manner. The Edelhoch method is based on the assumption that the ¢ of a denatured protein in
6 M guanidine-HCI can be calculated from the number of the tryptophan, tyrosine, and cystine
residues. We extend this method to derive ¢ values for both apo- and iron-bound transferrins. The
absorbance of an identical amount of iron containing protein is measured in: 1) 6 M guanidine-HCI
(denatured, no iron); 2) pH 7.4 buffer (non-denatured with iron); and 3) pH 5.6 (or lower) buffer with
a chelator (non-denatured without iron). Since the iron free apo-protein has an identical Aygp under
non-denaturing conditions, the difference between the reading at pH 7.4 and the lower pH directly
reports the contribution of the iron. The method is fast and consumes ~1 mg of sample. The ability
to determine accurate ¢ values for transferrin mutants that bind iron with a wide range of affinities
has proven very useful; furthermore a similar approach could easily be followed to determine € values
for other metalloproteins in which metal binding contributes to the Ajgp.
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The transferrins (TF) are a family of glycoproteins whose members (serum transferrin,
ovotransferrin and lactoferrin) are responsible for transporting iron and/or preventing bacterial
growth by sequestering iron. Human serum transferrin (hTF) is an 80 kDa glycoprotein
comprised of two homologous lobes, termed the N- and C-lobes, each folding to form a cleft
in which ferric iron (Fe3*) binds [1]. Diferric hTF delivers iron to cells by binding to a specific
transferrin receptor (TFR) and undergoing receptor mediated endocytosis [2]. The reduced pH
within the endosome facilitates iron release from hTF (which remains bound to TFR) and is
then returned to the blood to acquire more iron. The Fe3* ion bound in each lobe of hTF is
coordinated by one aspartate, two tyrosines, and one histidine residue [3,4]. The coordination
sphere around the Fe3* ion is completed by two oxygen atoms from the synergistic anion,
carbonate, which is anchored by an arginine residue. The Fe3* binding ligands are held in
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position through an extensive hydrogen bonding network referred to as the “second shell”. As
might be expected, mutation of any of the residues involved in the second shell (for example
in the N-lobe of hTF, Gly65, Glu83, Tyr85, Argl24, Lys206, Ser248, and Lys296) changes
both the iron coordination and binding affinity [5].

We have developed a robust expression system to produce large quantities of both recombinant
hTF N-lobe and full length hTF [6-9]. To accurately assess the effect of a mutation, various
assays have been developed to measure Fe3* binding and release, in the presence and absence
of the receptor [10-14]. Many of these assays take advantage of the ligand to metal charge
transfer (LMCT) band (centered at ~ 470 nm) produced by interaction of the two tyrosine
ligands with Fe3* [15]. A unique and interesting consequence of this LMCT is the disruption
of the w to 7™ transition energy of the liganding tyrosine residues. This disruption results in an
increase in the Aygg that extends and overlaps the intrinsic tryptophan fluorescence [14,16].
As a result, tryptophan fluorescence in Fe3*-bound hTF is quenched ~70% compared to apo-
hTF. Several laboratories, including our own, have monitored the recovery of tryptophan
fluorescence to derive rate constants for iron release [10,14,17,18]. To allow valid comparisons
of the properties of the various mutants, it is essential have a method to determine accurate
concentrations for both the apo- and iron-bound conformations of hTF and hTF mutants. In
particular, surface plasmon resonance binding studies and steady-state/time resolved
fluorescence measurements require precise knowledge of their concentrations.

The simplest method for determining protein concentration is by measuring the Agg and using
the Beer-Lambert law:
Asgn=€280IC (1)

where, ¢ is the molar absorption coefficient (M1 cm™1), I is the path length (cm), and C is the
protein concentration (M). Obviously, this approach can be used only when an accurate gpgg
is available. For many years g,gg values were experimentally determined by three techniques:
the dry weight method, composition determinations by quantitative amino acid analysis, and
Kjeldahl nitrogen determination [19-21]. All three methods are technically challenging and
consume large amounts of both time and sample. Additionally, although each technique
provided reproducible eygg values in the hands of skilled practitioners, substantial deviations
among them often occurred [22,23].

To circumvent these difficulties, Edelhoch developed a spectroscopic method to accurately
predict the number of tryptophan and tyrosine residues in a protein of unknown composition
by comparison to model compounds in a denaturant. Wetlaufer, Edelhoch and others had
determined that these two residues, along with cystines, are the only amino acids that contribute
to protein absorbance above 275 nm [24-26]. It was found that denaturing globular proteins
in 6 M guanidine-HCI (GdHCI) provided a reliable method to determine epgq [27,28]. With
the assumption that the eygg of a denatured protein in 6 M GdHCI can be calculated from the
number of the Trp, Tyr, and cystine residues using the epgq of appropriate model peptides or
derivatived amino acids in 6 M GdHCI, the Edelhoch method was born.

With the enormous increase in the availability of DNA sequence information to provide exact
amino acid compositions, much subsequent effort has been devoted to improving and

substantiating the validity of predicting accurate gygq values from the composition alone [29-
31]. In the most recent update, Pace et al. [23] evaluated 116 g,gq values for 80 proteins. Based
on this analysis the gygq of a folded protein in water can be predicted by the following equation:

£(280)(M ™' em ™" )=(# Trp)(5500)+ (# Tyr) (1490)+(# cystine) (125) @)
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Although this calculation provides a reasonable estimate of gy for many proteins, it cannot
be used for any protein containing a metal ligand or a prosthetic group that absorbs in the near
uv.

A common approach for obtaining eogg values for members of the TF family involves titration
of apo samples with ferric iron [6,32-35]. This is a lengthy and tedious process because it
involves the displacement of a chelator (needed to keep Fe3* in solution) by the TF (see below).
Additionally, since the visible signal produced is relatively weak, this approach is inherently
rather insensitive and prone to error. More recently, cobalt was substituted for Fe3* because
Co3*: 1) binds to TF rapidly and tightly, 2) forms a stable complex, and 3) produces a stronger
LMCT signal (centered at 410 nm) [36]. At a saturating concentration of cobalt, a break-point
is reached corresponding to the stoichiometric binding of Co3* to TF. The concentration of
Co3* (determined by atomic absorbance analysis) at the break-point allows an accurate
determination of the TF concentration. The major limitation of any titration method is that only
mutants that bind metal tightly yield a sharp break-point. In addition, although Co3* does not
result in the destruction of the protein, the binding is essentially irreversible and, due to low
sensitivity, ~ 6-10 mg of protein is required for triplicate determinations.

We recognized that a faster and a more sensitive method was needed to determine accurate
€pg0 Values for our many recombinant hTF mutants in which metal binding contributes variably
to the UV spectrum [5]. We report here an extension of the Edelhoch method to determine the
€pg0 Of apo- and iron-bound wild-type (WT) and mutant constructs of hTF N-lobe, hTF and
ovotransferrin (0TF). A comparison between previously reported g,gp values and the g9
values obtained demonstrates the utility, accuracy and simplicity of this approach.
Furthermore, it could easily be adapted to determine accurate £pgq values of other
metalloproteins with minimal expenditure of sample.

Materials and methods

Expression and purification of hTF, oTF, and hTF N-lobe constructs

All recombinant proteins including full length hTF, oTF, hTF N-lobe and mutants thereof,
were expressed in baby hamster kidney cells containing the relevant cDNA in the pNUT vector
and purified as previously described [7-9,37,38].

Determination of molar absorption coefficient

Samples of TF saturated with Fe3* (~ 0.3 Aygg units, 1-10 pL of stock solution) are added to
a 1.0 mL quartz cuvette with a 1 cm path length containing 6 M GdHCI (final volume of 500
pL), mixed thoroughly and equilibrated for 10 minutes at 25°C to ensure complete
denaturation. To determine the A5« Of the denatured protein, absorbance scans (from 240 —
340 nm) are recorded at 25°C on a Varian Cary 100 spectrophotometer in dual beam mode
using a reference cuvette containing only 6 M GdHCI. The ¢ in 6 M GdHCI is calculated at
the absorbance maximum using the equation:

&6 amcy =0 TID) &y H O TYI) £, H(# CySHne) &,cystine) ®)
where, #Trp, #Tyr, and #cystine are the number of each type of residue in the protein and the
&, values at the Apax for Trp, Tyr, and cystine (in 6 M GdHCI) come from Pace et al. [23]. The
protein concentration in 6 M GdHCI is then calculated by recording the absorbance value at
Amax and using Equation 3 below:

=A

Amax (6 M GdHCI) Amax (6 M GdHCl) /8 Amax (6 M GdHCl) (3)

An identical amount of Fe3* sample is then added to 100 mM HEPES, pH 7.4, and either 100
mM MES, pH 5.6 with a chelator (4 mM EDTA) or 100 mM acetate buffer, pH 4.0 with 4 mM
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EDTA (final volume 500 pL) and equilibrated for ~ 10 minutes. The choice of MES or acetate
buffer (to remove the iron yielding the apo protein) is dictated by the binding affinity (see
Results). Since the amount of protein added to each buffer is identical to the amount added to
6 M GdHCI, the concentration of protein in buffer (Cpytrer)) is identical to the concentration
determined in 6 M GdHCI (Cjmax (6 M GdHcl))- The absorbance at 280 nm of native protein is
recorded by scanning between 240 and 340 nm and the g,gq calculated using the relationship:
£280(buffer) =A280(butter)/ Cbuffer) (4)

As described by Pace et al [23], the contribution of light scattering to the A ymax in GAHCI is
determined by multiplying the absorbance at 329 nm by 2 and corrected by subtracting that
value from the A ymax [23]. (All TF samples had a Amax in GAHCI of 276 nm). Likewise for
the apo samples in each buffer the contribution from light scattering at 280 nm is corrected for
by multiplying the absorbance at 333 nm by 2 and subtracting that value from the value at
Aogp [23]. We note that the presence of the LMCT precludes correction for the contribution
of light scattering in any of the iron bound samples. Following this protocol, the gygq of an
individual protein can be calculated in less than 1 h resulting in the consumption of ~1 mg of
protein (with determinations in triplicate for each buffer). Obviously, the proteins from the
determinations under non-denaturing conditions (HEPES, MES and acetate) can easily be
recovered.

Results and discussion

Since it was first described, the Edelhoch method has provided a simple and accurate method
for experimentally determining e,gq values for many different proteins. The basic tenet of the
method is that denaturation of any protein removes all interactions of Trp, Tyr and cystine
residues with nearby residues which influence their spectral properties. In any unfolded protein,
the Trp, Tyr and cystine residues are thus “normalized” and their ¢ values are equal to model
compounds in 6 M GdHCI. The ¢ for the unfolded protein is calculated based on the number
of each residue, providing an accurate estimate of the protein concentration. The g,gq of the
native protein is then determined by placement of an equal amount of protein solution into a
suitable buffer. In the present study an extension of the Edelhoch method has been used to
determine the e,go of apo- and Fe3*-bound TF samples. For iron-bound TF, placement into 6
M GdHCI must result in the loss of the LMCT between Fe3* and tyrosines such that the two
liganding tyrosines will have normalized ¢ values. To document that this is the case, the spectra
of the Fe3* bound hTF N-lobe in HEPES, MES (with chelator), and 6 M GdHCI are shown in
Figure 1. As expected there is a hypochromic shift and a decrease in the absorbance above 300
nm when Fe3*-bound N-lobe is placed in the lower pH buffer with chelator, signifying
generation of apo-N-lobe. The spectrum of the Fe3*-bound N-lobe in 6 M GdHCl is nearly
identical to the spectrum of apo-N-lobe indicating that denaturation does result in the complete
loss of Fe3* (and validating the method). Similar results were found for all TF samples that
were analyzed.

The experimentally derived apo- and Fe3*-bound e,g0/1000 (MM absorption coefficient)
values for a variety of hTF N-lobe mutants are reported in Table 1. Critical to the interpretation
of the results, the mM ¢gpgq value of apo-hTF N-lobe placed into either HEPES or MES buffer
is identical. WT apo-hTF N-lobe has a molecular weight of 37,151 Da and contains 3 Trp, 14
Tyr and 16 cysteine residues (forming 8 cystines). As shown in Table 1, we were able to obtain
mM gpgg values for the apo form of most of the mutants. In addition to the experimentally
derived values, the calculated mM egygg values for each apo sample (using Equation 2) are also
presented in Table 1. It is significant that the percent deviation for the experimental apo-
samples from the calculated values is very small (standard deviation of 1.6%), indicating that
the calculated values provide reasonable estimates of the concentration. We note that the mM
epgo Value for the apo form of the K206E mutant could not be determined because iron was
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not completely removed in a reasonable period of time under either the MES or acetate buffer
conditions. Due to the excellent agreement between the experimental and calculated values,
the calculated mM ¢g,gg value for the apo-form of the K206E mutant would provide a
satisfactory estimate of the concentration while the ¢ value for the Fe3* form are accurately
determined experimentally.

Interestingly, the apo-form of the H119Q mutant shows the largest deviation between the
calculated and experimental value (3.8 %). As previously observed, His119 strongly quenches
the signal from Trp128 which is ~ 7 A away [39]. Obviously, in the H119Q mutant this
quenching effect is ablated with a predictable effect on the Aygg.

The importance of the present work is that it provides a protocol to easily obtain mM g5gq
values for the Fe3* form of each of the N-lobe mutants (see Table 1- Column entitled “%
increase due to iron”). As described earlier, titrations with either iron or cobalt are tedious,
time and sample consuming, and, especially if the binding is weak, not accurate. When a new
mutant is produced characterization routinely involves determination of its spectral parameters
and rate constants for iron release to assess the effect of the mutation on iron coordination.
Examination of the change in mM g,gq as a result of iron binding shows that the various mutants
roughly segregate into three groups (Table 1). Those with release rates equal to or slower than
WT N-lobe (including F94S and K206E), show the largest change (~30%) in mM gpgq as a
result of the presence of iron. Mutants with moderate changes in their spectral properties and
intermediate rate constants of iron release show a smaller increase (17-25%). As might be
expected, mutations which disrupt the iron binding ligands (D63S and Y95F) or second shell
residues which weaken binding (E83A and Y85F) have the smallest increase (7-12%) and the
fastest rate constants for iron release. The changes in the mM egq values for the Fe3* N-lobe
samples compared to the apo-samples thus correlate very well with the properties of each
mutant (Table 1) [5].

The experimental and calculated mM e,gq values for apo - and Fe3* full length hTF (8 Trp, 26
Tyr and 19 cystine residues) and oTF (10 Trp, 21 Tyr and 15 cystine residues) are given in
Table 2. In order to completely remove Fe3* from these samples within 10 minutes, it was
necessary to use pH 4.0 acetate buffer (with chelator) in place of MES buffer. Similar to the
results with the hTF N-lobe, the calculated apo-values did not appreciably deviate from the
experimental values. Additionally, both hTF and oTF show a similar increase in mM epgg as
aresult of iron coordination (24%), consistent with fact that both contain identical iron binding
ligands in each lobe. Interestingly, the two monoferric hTF samples have a nearly identical
increase in the mM g,gq as a result of iron binding despite the fact that there is a 9 nm difference
between their LMCT in the visible region [9].

Over the past 40 years, the mM &g values of apo- and iron-bound hTF have been determined
by avariety of techniques (Table 3). The mM &5g¢ values for apo-hTF show significant variation
(83.8 t0 93.0). In the earlier studies [40,41], this variation can be directly attributed to
differences in the molecular weight since conversion of our mM gpgq values to Aogg (1%) brings
them within experimental error. Variability in the mass is mainly due to inconsistency in
estimates of the contribution of glycosylation. Electrospray mass analysis of hTF samples from
three commercial sources provided experimental values ranging from 79,559 to 79,619 [8].
Our recombinant non-glycosylated hTF has a mass of 75,143 and the His tagged version of
this construct has a mass of 76,861. The highest mM &,gq value reported for apo-hTF [42] came
from titration with iron, which, as described above, is experimentally challenging. For oTF
(apo- and iron-bound) the values from the dry weight method and the Co titration correlate
well with our determinations from this study. Overall, comparison of the mM g,gq values of
apo-and iron-bound hTF and oTF clearly demonstrate the accuracy, sensitivity and
reproducibility of our modified Edelhoch method.
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Conclusions

In summary we report a protocol to experimentally determine accurate gygg values of apo- and
iron-bound hTF and oTF that is rapid and results in destruction of a minimal amount of sample.
We verify that the method to calculate the g,y from the amino acid composition [23] provides
reliable estimates of £pgg values for all apo-samples tested. Importantly, our modification of
the Edelhoch method allows a reliable estimate of the e,gg for the Fe3* bound form of all
mutants regardless of the strength of metal binding. This approach should be applicable to any
metalloprotein in which metal binding makes a significant contribution to the Aygg.
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transferrin
hTF
human serum transferrin
hTF N-lobe
recombinant N-lobe of human serum transferrin comprising residues 1-337
oTF
chicken ovotransferrin
TFR
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ligand to metal charge transfer
WT

wild-type
GdHCI

guanidine hydrochloride
EDTA

ethylenediaminetetraacetic acid
MES

morpholinoethanesulfonic acid
HEPES

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
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Iron-bound hTF N-Lobe
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Figure 1.

Baseline corrected absorbance scans of iron-bound hTF N-lobe (100 mM HEPES, pH 7.4),
apo-hTF N-lobe (100 mM MES, pH 5.6 and 4 mM EDTA) and denatured hTF N-lobe (6 M
GdHCI). Samples were equilibrated in buffer for ~ 10 minutes. Spectra were collected by
scanning between 240-340 nm at 25°C and baseline corrected.

Anal Biochem. Author manuscript; available in PMC 2009 July 15.



Page 11

James and Mason

"(0dw)3 /[(o120)3 -(0dw)3]x 00T SE ParRINOled SI B0UBIBYIP JUBDI8d

p

"(0dy)3 /[(0dw)3 - (Uo4)3] « OOT Se pareInojed SI asealoul Em&mn_o

“Burisneds 1yBi| 104 pe10a.109 sajduies ode sy} JO 8SeD Ul Ul PUB SUOITBUILLISIBP 33U 1Se9] 18 JO (LS F SUBsW aJe SanjeA

q
"2 b3 woy pajeInoed,,
S0 - - TOFT.E 6'9€ 488TA
€0 [ SOFETY 7'0FG8E ¥'8€ NAXE]
97 L) €0+ v ov ¢0+G/E 6'9€ 496A
ST €01 €0F0EY ¢0F06E ¥'8€ S€9d
4 911 A X442 ¢0+8LE 6'9€ 498A
T¢ JACHS €0+ V¢S S0FEGy 6'EY M99
€T €81 C0F 09 S0+68¢ 7'8€ 3991
ST- 98T €0+ 20y L'0F6'EE V've ABCTM
17 L'81 COFETh 70+ 8VE 7've AV9CM
T 18T CoO+ETY 9'0F 8V V've A8M
€T— 1°0¢ €0+ GSh €0+6.E 7'8€ 3/0¢H
8¢ 8¢C 70+ 06¥ 6’0 ¥ 6'6S ¥'8€ O6TTH
ST v've €0+G8Y €0+06€E 7'8€ 3€9d
- [ T0F008 - ¥'8€ 390¢M
1¢— §Ee 7’0+ 208 S0+9/€ 7'8€ Sv6d
80— S1E AR ¢0+18¢ ¥'8€ 3dAL Pl
dxa/o1ed aoualayid % |, U011 0 9Np 9sea.u] % QEP_: U8¢3 jeyuswiiadx3 QAOQ,& 08¢3 lequswiiadx3 _mﬁoa,& 08¢3 paye|nojen 500]-N 414

NIH-PA Author Manuscript

T alqel

"MOJaq paredipul se 08¢
[eruswIadxs aALIap 01 (0dY) W1 A3 INW & pue 9°G HA ‘SN INW 00T 10 (uod)) 2 HA ‘'STdTH INW 00T Ul 18yaia paAesse alam sajdwes uol|
sjuelNW SNOLIBA pue 3goj-N 4.1Y 40} Wwu 08z 1e (3) s1ualdlyyaod uondaosge Jejowl|IN

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Anal Biochem. Author manuscript; available in PMC 2009 July 15.



Page 12

James and Mason

(LTS A/HIZY A/H88TA/HSBA) JueINW o1 y-ode pabife) siH JueuIquodas onusyIne paje|AsooA|6-uou si siy L

}

"300|-N 3U} Ul UOII 87eu1pI000 0} ANIIGe S BUIIGIYUI SUOEINW S8BT A PUE JGGA UMM 314 PaBbe) sIH parel/s00A|6-uou ueuiquiooay

*300|-D 8y} U1 UOJ1 8JeulpIo0d 0} ANjige si Buniqiyul suoneInw 4/ TSA Pue 49z A YUM -1y palibes siH pajelAs0dA|B-uou jueuiquiodsy

p

‘T 3]qeL Ul Se paje|nojeo ale a0UBJajIp pue aseaioul Juoled,

‘suoljeulwalsp 391yl 1ses| 1e Jo 1S F sueaw ale sanjeA

q
"2 b3 woy pajeInoed,,
€0— £v¢ ¢'0+ €601 10+6/8 ¢'88 410 9LI4id
1T - - v'0 ¥ 708 76. 31U 00y
10— 0€T C0FTC6 ¢0FST8 1C8 5314 O-0LISJOUON
6'0— 9€T €0+5¢C6 €0+ 7’18 1C8 3.LY N-OLLISJOUOIN
€1 L'€C Z0+6€0T c0+018 TS8 41y 91sj1g
uaxm_\o_mo 80Ul % ,UO.II 0] 9N 9SBAIU] %o g?o\_: 08¢3 lequswiiadx3 Qﬁoa/.\v 08¢3 equswiiadx3 _mﬁoa<v U5¢3 paye|nojen urel04d

"(0dy) V1Aa3 W ¥ pue 0" Hd ‘81e38dy INW 00T 40 (punog-uodt) ¥'2 HA 'S3d3H INW 00T Ul paAesse aiam sajdues ||
410 pue 41y yibuaj ||ny 40} wu 08z 1e (3) S1Ua10144809 uondiaosge Jejowl||IA

NIH-PA Author Manuscript

¢ dlqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Anal Biochem. Author manuscript; available in PMC 2009 July 15.



Page 13

James and Mason

"6T S1 Y2IUM Jaquinu 1981100 8} JO peaIsul G Se UaAIB sem sanpisal auISAd JO JaguunuU ay) 8sneoaq Palda.i0d 819M SanfeA asay L
«

pmIS SIYL ON 6G.'GL vvT 911 €601 618
[9€] ON 2886/ VIl 306 Tonen 00
T6v] ON 788761 0VT 11 V1L 126 b1am A1q
310
APMS SIY L ON SV GL 8el T1L 6c0l 078
[27] - - 0¢ll - tuonenn o4
lev] - - - R [Po1}1050S JON
[tel ON T8T'GL -'0TT - o8 paje|nafed
[ez] ON T8T'SL -TTT - L LS8 paje|nafed
I9€] - - - 758 TONENT 00
[S7] - - - 9798 p31}1580S 10N
18] - - - /8 [Po1315905 JON
TT7] SN 00008 0vT 601 0ciT 718 b1em A1Q
27 SOX 00082 VT - 588 31115305 10N
[97] - - - 716 p31}1580S 10N
T07] SOX 00018 TVT V11 (21 TC6 Tqb1am A1q
Tev] - - - 0°€6 Tonenn o4
BN
80UBJ8)9 UBOA|D H1y MIA uo| ‘ody (' )y (,:8d) 3 (ody) %¢3 pousiN

Anal Biochem. Author manuscript; available in PMC 2009 July 15.

410 puUe 41 10} Sesselll 1e|ndajow pue (3) SUaldiaod uol1dl10soe JejowliA
€ 9|qel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript



