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ABSTRACT. Human serum transferrin consists of two iron-binding lobes connected by a short peptide linker.
While the high homology and structural similarity between the two halves of the molecule would suggest
similar characteristics, it has been shown that the pH-dependent rate of release of iron from the N-terminal
lobe is quite different from that of its C-terminal counterpart. This suggests that the N-lobe of human
serum transferrin has a specific, pH-dependent, molecular mechanism for releasing iron. Sacchettini and
co-workers using structural information have hypothesized that two lysines in the N-terminal lobe of
ovotransferrin create a dilysine interaction and suggest that this is the trigger for pH-dependent iron release.
To investigate this hypothesis, we useRiahia pastorisexpression system to produce large amounts of
wild-type nTf, the single point mutants, nTfK206A (Lys 206 to alanine) and nTfK296A (Lys 296 to
alanine), and the double mutant, nTfK206/296A. The purified recombinant proteins were then used to
measure rates of iron release to pyrophosphate. It was found that the rate of iron release from all three
mutant proteins at pH 5.7 (the pH at which nTf would normally release iron) was too slow to measure.
Only when the pH was reduced to 5.0 could the rates of iron release from the mutant proteins be reliably
determined. Although this precludes a direct comparison to wild-type nTf (the rate of iron release from
nTf at pH 5.0 is too fast to measure), it implicates lysines 206 and 296 in the pH-dependent release of
iron from nTf.

Serum transferrin, ovotransferrin, lactoferrin, and melan- found that the side-chain nitrogens of Lys 209 and Lys
otransferrin are members of the highly homologous family 301 are only 2.3 A apart. These lysines are on different
of iron carrier glycoproteinsl—3). The structures of many faces of the iron-binding cleft and are thought to be bridged
transferrins have been solved, and they show that the proteindy a single proton. This creates an “unusual interdomain
contain two lobes of about equal size connected by a shortinteraction”. Sacchettinil@) has hypothesized that above
peptide linker 4—8). Each lobe can be further divided into  pH 6.0 the single bridging proton holds the N-lobe trans-
two domains, which form a deep cleft and are joined by a ferrin subdomains together. They also hypothesize that
flexible hinge. One iron binds per lobe in the cleft formed this dilysine motif is the trigger for pH-dependent3Fe
by the two domains. In holo-transferrin, the two domains release. They propose that at acid pH both lysines are
are in the “closed” conformation, and in apo-transferrin, the protonated and that repulsion of the two positively charged
two domains are in the “open” conformation. Although the lysines, which are located on opposite domains of the N-
two lobes are highly homologous, they have subtle differ- lobe, is the driving force that opens the two domains of
ences in properties. The N-terminal lobe of human serum ovotranferrin and facilitates release of3Feby exposing
transferrin releases iron atpH 5.7, while the C-terminal  the ion.

lobe retains iron until pH 4.8%-11). There are also Lys 206 and Lys 296 in the N-terminal lobe of human
differences in the iron-binding properties of different mem- gorm transferrin are homologous to the trigger lysines of

bers of the transferrin family. Lactoferrin, for example, will  N_terminal hen ovotransferrin. In the crystal structure of

retain its iron until pH 4 12). Presumably the N-terminal  yonoferric human serum transferri),(the N-terminal lobe
lobe of human serum transferrin has a specific molecular 4¢ human serum transferrin is open and lacks iron. As a

mechanism for releasing iron at pH 5.7. , consequence, an interdomain interaction of lysines 206 and
In the crystal structure of the iron-bearing, N-terminal 596 cannot be confirmed using structural data. Nonetheless,

lobe of hen ovotransferrin, Sacchettini and co-work&® ( gacchettini and co-workers suggest that lysines 206 and 296

form the pH trigger for the release of iron bound to the
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Iron Release Reduced by Mutations of Lysines

Previous structure function studies with K206 and K296
have shown that nTfK206Q, which is based on the substitu-
tion in the C-terminal lobe of ovotransferrin, binds iron more
tightly than does nTf(14). Difference UV spectrophoto-
metric studies on nTfK296Q and nTfK296E implicated this
lysine as the proton binding site during the binding of
synergistic and nonsynergistic anionk5), Iron release
studies on the mutant K206R, which is based on the
substitution in the N-terminal lobe of lactoferrin, show that
nTfK206R releases iron more slowly to pyrophosphate than
does nTf (6).

We have recently described the production of large
amounts of nTf in the methylotropic yeasgtichia pastoris
(17). In the Pichia expression system, the gene of interest
is cloned under the tightly controlled, methanol inducible
alcohol oxidase promoter,aBxi1, and is then integrated at
the AOX1 locus by homologous recombination. The basic
techniques required for the construction and growtRiohia
expression strains are similar to those usedHocoli and
S. cereisiae but offer additional benefits, including higher
levels of expression, protein glycosylation, proteolytic matu-
ration, and protein folding. We now report the use of a
recently released modification of this system, which allows
for the use of a His tag in the production and purification of
site-directed mutants of nTf. The single mutants nTfK206A
(lysine 206 to alanine) and nTfK296A (lysine 296 to alanine)
and the double mutant nTfK206/296A were then used to
further investigate the importance of lysines 206 and 296 in
pH-dependent iron release from nTf.

MATERIALS AND METHODS

Construction of the Expression Plasmidd'he point
mutations were introduced into the nTf coding sequence by
using the Altered Sites Mutagenesis Kit (Promega). In the
Pichiaexpression plasmid pPIChTf (17), the nTf coding
sequence is flanked by the unique restriction skkdl and
Xba. These sites were used to transfer nTf from pP+C9
nTf to the same sites in pGEM7Zf+ (Promega) to create
the intermediate cloning plasmid pGEMTf. In this
construct, theXhd/Xbd nTf fragment is flanked by the
restriction siteSmd andXbd. The Sma/Xba nTf fragment
could then be transferred into the same sites of the mutagen
esis cloning plasmid, pAlter, thus creating the plasmid
pAlter—nTf. The point mutations were introduced into the
nTf coding sequence using the reactions as described in th
Altered Sites Mutagenesis Protocol (Promega). To create
pAlter—nTfK206A, the primer 55TG GCC TTT GTC GCG
CACTCGACTATATTTTTT ATATCA GCT CAC GCG
CTG TTT CCG GTG was used. To create pAter
NTFK296A, the primer RAG GAC CTG CTG TTT GCG
GAC TCT GCC CAC GGG GGG CAC CCG TCT CAG
GCG TTT GTC GTC CAG GAA was used. To create
pAlter—nTfK206/296A both primers were used in the

1 Abbreviations: AOX, alcohol oxidase; apo-transferrin, transferrin
without iron; BMGY, buffered glycerol complex medium; BMMY,
buffered methanol complex medium; histidine tag, fusion peptide
containing six consecutive histidines; holo-transferrin, transferrin
containing iron; Mut, wild-type methanol utilization phenotype; Myt
sensitive methanol utilization phenotype; n-rabTf, N-terminal lobe of
rabbit serum transferrin; n-ovoTf, N-terminal lobe of hen ovotransferrin;
nTf, recombinant N-terminal lobe of human serum transferrin; YPDS,
yeast peptone dextrose medium.

e
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mutagenesis reaction. All mutations were confirmed by
cycle sequencing (data not shown). The mutated nTf coding
fragments (still flanked byhd and Xba restriction sites)
were then simply transferred back into thiehia expression
plasmid, pPIC9, using the unique restriction siésl and
Xbd to create the plasmids pPIC®TK206A, pPIC9-
NTfK296A, and pPIC9-nTfK206/296A (Figure 1). These
expression plasmids were capable of producing the mutant
proteins (data not shown); however, a secBithia expres-
sion plasmid, pPIC&B, was chosen for these studies because
it allowed for easier purification of the mutant proteins.
The expression plasmid pPIGB differs from thePichia
expression plasmid used in previous wodk’)(in that it
replaces both the ampicillin resistance gene (for selection in
E. coli) and the HIS4 gene (for selection in HIB. pastori3
with the zeocin antibiotic resistance gerfeh ble The
plasmid also contains sequences coding for a hexahistidine
tag downstream of the polylinker, which allows for a simple
one-step purification of recombinant fusion protein on a
nickel affinity column. A fragment coding for nTfK206A
(amino acids +338) was amplified from pPICOnTfK206A
using primers [Tf-NPmll), 5’ATG ACT CAC GTG GTC
CCT GAT AAA ACT GTG, and nTf-CAcd), 5ATG ACT
GTC GAC TTC TGG GCA TGT GCC TTC] designed to
fuse the 5end of the gene to &mll restriction site, to
eliminate the stop codon at amino acid 339 and to fuse the
3’ end of the gene to aAcd restriction site. This fragment
was then inserted into tHemll and Acd sites in pPIC4B,
fusing the 5end of NnTfK206A in frame to th&. cereisiae
prepro a. signal sequence and thé 8nd to the His tag
sequence, thus creating the plasmid, pRIBZnTfK206A
(Note: The use of théccl restriction site deletes the myc
epitope of pPICAB). To create the expression plasmids
pPICZoB—nTf, pPICZxB—nTfK296A, and pPIC&B—
nTfK206/296A, the unique restriction sit8sE1 andNdd
within the nTfK206A coding sequence were used. These
enzymes cut near the ends of the nTfK206A fragment but
do not cut the pPIC&B vector, allowing the simple
replacement of théNdd/BsfE1 nTfK206A fragment with
the Ndd/BsfEl fragments of nTf, nTfK296A, or nTfK206/
296A. pPICZ1B—nTfK206A was digested witiNdd and
BsiEl, and the vector fragment was isolated and purified.

pPICIONTf, pPIC9-nTfK296A and pPIC9-nTfK206/296A
were digested witlBspEl andNdd; the respective nTNdd/
BsfEl fragments were isolated and ligated to the purified
Vector, thus creating pP1@B—nTf, pPICZB—nTfK296A,
and pPIC&B—nTfK206/296A (Figure 1). All plasmids
were confirmed by sequencing (data not shown).
Construction of the Pichia Expression StrainsPICZo.B
was designed to only be linearized in the8X1 region,
which limits recombination to single crossover events and
inserts the entire expression vector at the AOX1 locus next
to a fully intact AOX1 gene. The. pastorisstrain, KM71,
which was used in these studies, contains a point mutation
in the AOX1 gene, yielding a strain with a Mugmethanol
utilization sensitive) phenotype. This was desired because
the expression and production profile of nTf in a Mstrain
had already been well-characterized by the authors in
preliminary studies (data not shownPichia expression
strains were constructed as described in the Pichia Expression
System users manual (Invitrogen). Electrocompetent KM71
were incubated with 0.02 mg of expression plasmid DNA
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Ficure 1: Construction ofPichia pastorisnTf expression vectors. The plasmid pPHa8Tf has been described by Steinlein et al7)(
pGEM—7Zf+ was used to shuttle nTf between pPa®Tf and pAlter. pAlter-nTf was used for site-directed mutagenesis to create pAlter
NTfK206A, pAlter—nTfK296A, and pAlter-nTfK206/296A. The plasmid pPIGB—nTfK206A was created by PCR-based amplification

of pPIC9-nTfK206A as described in Materials and Methods. The plasmids peBcATf, pPICZ0B—nTfK296A, and pPICAB—nTfK206/

296A were created by replacing tiNgd/BsgEl fragment in pPICAB—nTfK206A with the appropriate fragment from pPIEATf(wt/

mut). BAOX, 5'AOX1 region for homologous recombination and the AOX1 promoteg-factor signal sequence; nTf, nTf coding sequence;
TT, AOX1 transcription terminator; HIS4, HIS4 gene for selectiorlis™ P. pastoris 3AOX, 3'AOX1 region for homologous recombination;

ori, E. coli origin; Amp, ampicillin resistance gene, Af@mpicillin resistance gene containing a point mutation; Tet, tetracycline resistance
gene; Zeo, Zeocin resistance gene.

linearized withSad for 10 minutes on ice and then electro- followed by staining with Coomassie blue (Figure 2). The
porated using the Invitrogen Electroporator Il with a charging SDS-PAGE gel visualized by Coomassie showed that
voltage of 1500 V, a capacitance of &8, and a resistance  KM71[pPICZaB—nTf], KM71[pPICZaB—nTfK206A], KM71-

of 200Q2 in a 0.2 cm cuvette. The transformed cells were [pPICZaB—nTfK296A], and KM71[pPIC£&B—nTfK206/
resuspended in 1 mL ice-abll M sorbitol, incubated at  296A] produce large amounts of an nTf protein. One strain
30 °C for 2 h, and then plated on YPDS plates (1% yeast of each with a high level of protein production (as determined
extract, 2% peptone, 2% dextrose, 1.0M sorbitol) containing by gel electrophoresis only) was chosen for further study.
zeocin (Note: 0.5 mg/mL zeocin was used to select for Genomic DNA from each strain selected for protein purifica-
transformants containing multiple copies of the zeocin tion was isolated using the Easy DNA Kit (Invitrogen), and
antibiotic resistance gene. These transformants are alsaall mutations were again confirmed by cycle sequencing.
likely to contain multiple copies of the entire expression  Production and Purification of Recombinant Proteifio
plasmid and may improve protein expression.). Zeocin- produce large amounts of each nTf protein, 200 mL of
resistant transformants were used to innoculate 2 mL BMGY KM71[pPICZoB—nTf(wild-type/mutant)] were grown at
(1% yeast extract, 2% peptone, 100 mM potassium phos-30 °C to an ORg equivalent to 1520 in BMGY. The
phate, 1.34% yeast nitrogen base, @g/mL biotin, 1% cells were harvested by centrifugation, resuspended in 20
glycerol), and the culture was grown at 30 to an ORQgo mL BMMY, and grown for an additional 68 h. The yeast
equivalent to 15. At this point, the cells were collected by were then removed from the culture by centrifugation, and
centrifugation and resuspended in 0.5 mL BMMY (1% yeast the cleared media was concentrated to 3 mL in a Centriplus-
extract, 2% peptone, 100 mM potassium phosphate, 1.34%10 (Amicon). The cleared media was diluted 1:8 with
yeast nitrogen base, Q4y/mL biotin, 0.5% methanol), which  binding buffer (20 mM sodium phosphate, pH 7.8, 500 mM
contains methanol to induce the AOX1 promoter. After 48 NaCl) plus 1 mM PMSF and loaded @n& 1 mLHis-Bind

h of induction, the cells were harvested by centrifugation. resin column that had been charged with 50 mM Nj&6d
Samples of the harvested culture medium were analyzed byequilibrated with binding buffer. The column was washed
SDS-PAGE on 14% acrylamide (29:1 crosslink) gels), with 10 mL of binding buffer, and the protein was eluted
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Ficure 2: Expression of nTf and nTf mutants from KM71-
[pPICZaB—nTf(wt/mut)]. SDS-PAGE analysis of induced
cell culture supernatants. Lane 1: KM71[pPI&k&—nTf)]. Lane

2: KM71[pPICZaB—nTfK206A]. Lane 3: KM71[pPIC&B—
NTfK296A]. Lane 4: KM71[pPIC&B—nTfK206/296A]. Lane 5:
molecular weight makers (97.4, 66.2, 45, 31, 21.5, and 14.4 kDa).

with 9 mL of elution buffer (20 mM sodium phosphate (pH
7.8), 500 mM NaCl1 M imidazole). The eluted sample
was concentrated in a Centricon-10 (Amicon), and the buffer

was changed three times during the concentration process

by diluting 0.5 mL of sample to 20 mL with 50 mM Tris-
HCI, pH 8.4 plus 5 mM sodium bicarbonate. The protein

concentration was determined by Bradford assay (BioRad) wherex, s

and analyzed for purity by SDSPAGE. Iron was added to
the protein by the addition of 5 mM FeNTA to a saturation
of 150%.

If apo-protein was needed, iron was removed from the
sample by the addition of 0.1 vol of 0.5 M NaOAc (pH 5),
1 mM EDTA, and 1 mM NTA followed by 0.03 vol 1.3 N
HCI.

Iron-Binding Analysis Urea—PAGE gels (7 cmx 8.5
cm minigel apparatus) were 6% acrylamide (39:1 crosslink)
containirg 6 M urea in 1X TBE. The gel was loaded with
3—10ug of each sample and run at 200 V for 1.2518<
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ref 6) and n-ovoTf (INNT, refl3) were obtained from the
Protein Data Bank. The distances from lysines 206 and 296
or lysines 209 and 301 to the centroid of each of the
neigboring aromatic amino acids and the angles created by
a line from a lysine to the centroid and a line normal to the
ring of an aromatic amino acid were calculated with standard
formulas from analytic geometry28).

Rectangular coordinates for the centroids of the rings of
the aromatic residues listed in Tables 1 and 2 were
determined by averaging th€ Y, andZ coordinates of the
ring atoms. The direction numbera, (b, andc) and the
lengths of the lines connecting the centroids of the aromatic
rings and the carbons or the amino nitrogens of the lysines
(as listed in Tables 1 and 2) were calculated with eqs 1 and
2 (23),

a=X; — X

(1)
2)

wherex, y1, andz are the coordinates of the centroid and
X2, Y2, @andz, are the coordinates of tkecarbon or the amino
nitrogen.

Direction numbersd,, by, andc,) for lines normal to the
planes of the rings of the aromatic amino acids were
calculated with egs 3, 4, and 5 (23)

b=y, —V¥; ¢c=27-32

distance= (&% + b? + ¢?)?

=, Y& —2)-Z-2):;—y)
b,=(z—z2)(% —X) = (= x)(z—2) (4)
C=0=X)(Ys—Y) — Y, =YD — %) (5)

y1-3, andz_3 are the coordinates of three atoms
in the aromatic ring of an amino acid. The angles between
the line from are carbon or an amino nitrogen of the lysines
listed in Tables 1 and 2 to the centroid of the ring of a
neigboring aromatic residue and the line normal to the plane
of the ring of the aromatic residue were then calculated with

eq 6 @3),

@)(a,) + (b)(b,) + (c)(cy)
@+ b2+ AY@ %+ b2+ c )

cosh =

(6)

21). Visible absorption spectra were recorded on a ShimadzuWWhered is the angle between the lines.

UV-160 spectrophotometer.
5—15 mg/mL in 50 mM Tris-HCI, pH 8.4, 5 mM bicarbonate
and titrated with 5 mM Fe(NTA) while monitoring the

The apo-protein was made

RESULTS AND DISCUSSION

The results presented here demonstrate th&tichia

absorbance at 465 nm using apo-protein solution as thepastoris expression vector encoding a zeocin resistance

reference Z0).
Iron-Release AnalysisThe kinetics of iron release were

marker and an affinity fusion peptide can be used for the
rapid production and purification of large amounts of nTf

followed by using a spectrofluorometric assay developed by and nTf mutants. The use of zeocin as the selection marker

Egan et al. 22) using conditions later modified by Zak et
al. (16). The recombinant proteins were made 100 nM in
100 mM MES at a range of pH values (pH 5.6.5) plus
either 100 or 600 mM NaCl. Data accumulation was
initiated upon the addition of 0.6325 mM pyrophosphate

on the vector greatly simplified the isolationBichia strains
containing the nTf expression clones. The vector also
allowed for the expression of recombinant nTf proteins that
are fused to a hexabhistidine peptide (histidine tag), and the
histidine tag allowed for rapid purification of recombinant

to the protein solution, and fluoresence intensity was recordednTf proteins. In addition, there was no obvious difference

as a function of time. A Shimadzu RF5301 spectrofluorim-
eter was used.

Calculation of Cationz Angles and DistancesCrystal-
lographic coordinates for the structures of n-rabTf (1TFD,

in the expression levels of the mutant and wild-type nTf
proteins (86-100 mg/L of cell culture) inPichia pastoris

as has been reported for the expression of nTf mutants in
baby hamster kidney celld4). It also appeared that the
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Table 1: Analysis of Cation Pi Interactions in the N-terminal Lobe of Chicken Ovotransferrin

Lys 209 Lys 301
amino N ChH amino N ChH
dist (A) angle (deg) dist (A) angle (deg) dist (A) angle (deg) dist (A) angle (deg)
Tyr 82 3.8 14.4 5.2 115 4.2 41.0 4.8 50.5
Tyr 92 4.1 34.3 4.6 44.9 3.5 4.2 4.9 2.9
Tyr 191 55 28.3 5.2 20.2 4.6 50.2 4.2 49.3
His 250 6.7 21.9 7.6 27.2 4.5 20.9 4.5 10.9

Table 2: Analysis of Cation Pi Interactions in the N-terminal Lobe of Rabbit Serum Transferrin

Lys 206 Lys 296
amino N CH amino N CH
dist (A) angle (deg) dist (A) angle (deg) dist (A) angle (deg) dist (A) angle (deg)
Tyr 85 4.2 20.3 5.2 7.8 4.0 38.1 4.1 58.0
Tyr 95 4.4 324 3.7 34.5 3.7 21.9 5.0 30.2
Tyr 188 6.5 34.6 5.8 29.9 51 61.3 55 71.1
His 249 7.4 20.3 7.4 28.5 4.5 16.2 4.1 7.3

C-terminal histidine fusion tag did not interfere with the still present in the samples. At pH 4.2 and pH 3.6 the
binding of iron by nTf. Titration of 10Q«L of a 12.8 mg/ nTfK206A and nTfK296A mutants were observed in their

mL solution of apo-nTf bearing a C-terminal histidine tag apo-forms.

in 50 mM Tris-HCI, pH 8.4, 1 mM sodium bicarbonate buffer T further investigate the iron release characteristics of

with Fe—NTA vyielded a es(mM) of 2.1, which is in the mutant nTf proteins, the rates of iron release from the
excellent agreement with previously reported valu83.(  proteins were measured using a spectrofluorometric assay
In this study, we have created the mutants nTfK206A, (22). The effect of pH on the iron release rates was
NnTfK296A, and the double mutant nTfK206/296A to inves- considered first, and the results are tabulated in Table 3.
tigate the role of lysines 206 and 296 in pH-dependent iron Using this assay, we could reliably measure observed rates
release. If Sacchettini’s hypothesis is true, then the substitu-of iron release as slow as 0.01 miro as fast as 10 min.
tion of an alanine for Lys 206 and/or Lys 296 should destroy The rate of iron release from nTf could only be measured at
pH-dependent iron release by N-terminal half-transferrin. a pH= 5.7; unfortunately, the rates of iron release from the
Alternatively, if these residues are not involved in the pH- mutant proteins could only be measured at a gHb.2
dependent release of iron, then the mutant half-transferrin (double mutant) and a pH 5.0 (single mutants). This
should bind and release iron naturally. The ability of the precluded a direct comparison of observed iron release rates
recombinant mutant nTf's to bind and release iron was under identical conditions, but it did allow a qualitative
measured by a gel shift mobility assay. This assay, which comparison to be made. AtpH 6.5 and 5.7, only the rate of
was first described by Mackey and Sedld( and later  iron release from nTf could be measurdgh{of 2.64 and
modified by othersZ0, 21), allows for the separation of holo- ~ 11.4 mir%, respectively, and half-lives of 0.263 and 0.061
transferrin from apo-transferrin on a urea polyacrylamide gel. min, respectively); the rates of iron release from the mutant
The iron-free form of transferrin denatures in the urea nTf proteins were too slow to be measured. This indicates
concentration used, and its mobility in the gel decreases. Inthat at pH 6.5 and 5.7, the mutant nTf proteins had rates of
contrast, the iron-loaded form is not denatured and its iron release that were at least 250000 times slower than
mobility in the gel is not affected (Figure 3). Iron-loaded those of wild-type nTf. At pH 5.0, the rate of iron release
nTf, NTfK206A, nTfK296A, and nTfK206/296A were in- from the double mutant was 0.172 mir(4.0 min half-life)
cubated in 100 mM NaOAc, 0.1 mM EDTA, 0.1 mM NTA and the rates of iron release from the single mutants
at pH 3.6, 4.2, 5.0, 5.6, and 8.4 at 3 for 5 h, and their NTfK206A and nTfK296A were 0.018 (38.5 min half-life)
iron status was measured by urd@AGE analysis (Figure ~ and 0.010 min* (69.3 min half-life) respectively; however,
3). All of the nTf proteins retained iron at pH 8.4, and nTf at this pH, the rate of iron release from nTf was too fast to
was in the apo-form at pH 5.6 as expected. The mutantsmeasure. This indicated that the mutant proteins were
nTfK206A, nTfK296A, and nTfK206/296A displayed less releasing iron at rates that were at least 20000 times
pH sensitivity than the wild-type and remained in the iron- slower than that of the wild-type. Interestingly, the single
loaded form at pH 5.6. At pH 5.0, the double mutant Mutants released iron at a rate that is an order of magnitude
nTfK206/296A was in the apo-form, while the single mutants Slower than that of the double mutant. This difference in
nTfK206A and nTfK296A appeared to partially retain iron. release rates may be due to lysine catiointeractions that
As discussed in the next paragraph, iron release by nTfK206A remained in the single mutants, but were absent in the double
and nTfK296A at pH 5.0 is very slow. Given the relatively mutant.
low concentration of iron chelators in the nTfK206A and In Sacchettini’'s analysis of the structure of the monoferric
nTfK296A samples and the length of time these samples N-terminal lobe of hen ovotransferrin (n-ovoTf]l3), the
were incubated before electrophoresis, it is very likely that investigators proposed that lysines 209 and 301 (the hen
the single mutants had not reached equilibrium at pH 5.0; n-ovoTf residues equivalent to Lys 206 and 296 of human
consequently, ferric nTfK206A and ferric nTfK296A were nTf) interacted with each other and with neighboring
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A 1 5 Apo Fe

FiGURe 3: Recombinant nTf and nTf mutants bind and release iron.
Urea—PAGE analysis. (A) nTf (3.g), apohuman serum transferrin
(10 ug) (lane apo) and Fe human serum transferrin{@p (lane
Fe), (B) nTfK206A (3ug), (C) nTfK296A (3ug), and (D) nTfK206/
296A (3uQg) incubated at pH 8.4 (lane 1), pH 5.6 (lane 2), pH 5.0
(lane 3), pH 4.2 (lane 4), and pH 3.6 (lane 5).
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Table 3: Rates of Iron Reledsfkp{min~1))

sample pH 6.5 pH5.7 pH5.2 pH5.0
nTf 2.64+0.34 11.4+ 3.8 toofast too fast
K206/296AA tooslow  tooslow 0.087+0.020 0.172+0.020
K206A too slow? too slow?  too slow? 0.0184+ 0.002
K296A too slow too slow?  too slow? 0.0104+ 0.002

alron release from recombinant nTf to 50M pyrophosphate. The
samples contained 100 nM protein, 100 mM MES (at the pH values
listed in the table), and 100 mM NaClk.pswas too fast to be reliably
determined with this assaykosswas too slow to be reliably determined
with this assay.

aromatic residues. Specifically, the interaction of Lys 209
and 301 with each other formed the dilysine motif that in
its monoprotonated form holds the two domains of n-ovoTf
closed and in its diprotonated form forces the two domains
of n-ovoTf apart, while the interaction of Lys 209 and 301
with Tyr 82 and 92, respectively, formed aminaromatic
hydrogen bonds1Q).

A recent reevaluation of the interactions of protonated
lysines with ther orbitals in the faces of the rings of aromatic
amino acids now redefines these interactions as electrostatic
cation s interactions 24—26). Cationx interactions are
noncovalent electrostatic interactions between a cation and
electron-richr orbitals. The interaction was first recognized
in the gas phase, but recent work by Dougherty and
co-workers with artificial cyclophane receptors has demon-
strated that catiomr interactions in aqueous media are as
important as hydrogen bonding, ion pairs, and hydrophobic
interactions. In cyclophanes, a single catiorinteraction
is estimated to be wortk0.5 kcals 24, 26).

In the case of proteins, Burley and Petskd)(noted in
1986 that a large proportion of NH groups on amino acid
side chains are found in close contact (less than 6 A) with
aromatic side chains in high-resolution crystal structures. This
observation was confirmed by Thornton and co-work28} (
in 1990, and more recently, the associations of cations with
an aromatic rings in acetyl choline esterase, acetyl choline
receptors, alkylamine dehydrogenases, and ion channels have
been described as potential catisrinteractions 24, 26).
However, the strength of a cationinteraction in a protein
has only been measured in barnase. In barnase, ‘a-His
Trp cation sz interaction is worth 1.4 kcals relative to
solvation in water Z9).

In the crystal structure of monoferric n-ovoTf, Lys 209
and 301 sit in a pocket formed by the aromatic amino acids
Tyr 82, Tyr 92, Tyr 191, and His 250.8), and an analogous
arrangement is found in the crystal structure of the mono-
ferric N-terminal lobe of rabbit transferrin (n-rabTf). The
two lysines (Lys 206 and 296) that form the dilysine motif
of n-rabTf sit in a pocket that is formed by the aromatic
amino acids Tyr 85, Tyr 95, Tyr 188, and His 249).( In
both n-ovoTf and n-rabTf, the second and third tyrosines
and the histidine are also ligands for the bound"Fen.
Since human nTf is more closely related to n-rabTf and the
residue numbering of nTf is more like that of n-rabTf, the
dilysine motif, the aromatic amino acid pocket pocket),
and the bound iron of n-rabTf are shown in Figure 4.

Dougherty has found that cationinteractions exhibit a
1/r" dependence, where < 2 (24), and believes that since
the cations interaction is essentially a charge interaction
and not a special kind of “bond”, the dependence of cation
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affected equally. This would leave the dilysine residues with
relatively similar iK;s and would preserve the ability of the
two lysines to share a single proton. In the ferric forms of
n-ovoTf and n-rabTf, catiomr interactions would provide
additional interdomain interactions that could help hold the
two domains of n-ovoTf and n-rabTf closed. Finally, cation
7 interactions with Tyr 92 and Tyr 191 in n-ovoTf and Tyr
95 and Tyr 191 in n-rabTf may make these tyrosines more
acidic and help stabilize the phenolate ligands that birid Fe
ion.

Since the N-terminal lobe of human transferrin does not
contain iron in the crystal structur8)( cationzr interactions
in the N-lobe of human transferrin cannot be verified;
however, the structure of human transferrin is similar to
rabbit transferrin, and we believe catianinteractions in
the N-lobe of human transferrin will be qualitatively
equivalent to the catiowr interactions in n-rabTf. These
cationzr interactions may explain why the nTf single mutants
NTfK206A and nTfK296A released iron more slowly than
the nTf double mutant, nTfK206/296A. In the single
mutants, the removal of one lysine would destroy the dilysine
motif but would leave a lysine that can participate in cation
st interactions and help hold the two domains of the mutants
closed. In the double mutant, the removal of both lysines
would destroy the dilysine motif and would destroy cation
7 interactions in ther pocket. Destruction of the cation

a interactions on the angular position of the cation in relation interactions would remove the interdomain interactions that
to thes orbitals should not be severe, as long as the cation they contribute and would accelerate the rate of iron release.
is more strongly associated with the face and not the edge A second hypothesis regarding the release of iron from

of the & system 80). It has also been shown that lysine

the N-terminal domain of human serum transferrin also

cations interactions can occur through both the protonated involves lysines 206 and 296. Zucolla (r&f personal

side chain amino group and the g#irectly adjacent to the
charged amine, since a GHirectly adjacent to a positively
charged group carries substantial positive chara2#&126).

communication) has noted that pyrophosphate, which is
known to cause transferrin to release its iron, will just fit
between lysines 206 and 296 in the crystal structure of the

Distances from the protonated nitrogen atoms of the lysinesopen N-terminal lobe of monoferric transferrin. Zucolla
to the centroid of each of the neighboring aromatic amino proposed that this is the binding site for pyrophosphate and
acids and the angles created by a line from the nitrogens tothe binding of pyrophosphate between these lysines opens
the centroid and perpendicular lines through the centroidsthe iron-binding cleft and releases iron. If Zucolla's
of the aromatic amino acids were calculated for n-ovoTf and hypothesis is true, then the substitution of alanines in place
n-rabTf. The same measurements were also calculated forof lysines 206 and 296 should eliminate the pyrophosphate
the ¢ carbons of the lysines, and the data is presented inbinding site in nTf and eliminate pyrophosphate-dependent

Tables 1 and 2.
At present, there are insufficient examples of cation

iron release. If the binding of pyrophosphate to Lys 206
and Lys 296 is not involved in pyrophosphate dependent iron

distances and geometries in proteins to specify typical release, then the alanine mutants should still release iron in

distances and angles between the cation ancrtbebitals

of a protein cationr interaction, but the distance and angular
dependencies cited by Dougher4( 30) suggest that the
dilysine residues could potentially interact with all of the

a pyrophosphate-dependent manner.

To determine if lysines 206 and 296 are part of the
hypothesized pyrophosphate binding site, the rates of iron
release from the mutant nTf proteins were measured at pH

neighboring aromatic residues. Nevertheless, some of thesé.0 and at pyrophosphate concentrations ranging from 50

cations interactions would be more favorable than others.
In n-ovoTf, Lys 209 would be expected to interact most
favorably with Tyr 82, Tyr 92, and Tyr 191, and Lys 301
would be expected to interact most favorably with Tyr 82,
Tyr 92, and His 250; while in n-rabTf, Lys 206 would be
expected to interact most favorably with Tyr 85, Tyr 95,

uM to 25 mM (Figure 5). lron release rates for all of the
nTf mutants increased with increasing pyrophosphate con-
centration up to saturating conditions of approximately 20
mM. This suggested that lysines 206 and 296 are not
important binding sites for pyrophosphate during iron release.
Finally, to investigate if Lys 206 and 296 are part of a

and Tyr 188, and Lys 296 would be expected to interact secondary anion binding site described by Zak et ), (

most favorably with Tyr 85, Tyr 95, and His 249.
Cationz interactions are known to stabilize the protonation
of basic residues2(, 26, 29); consequently, thelas of the

dilysine residues of n-ovoTf and n-rabTf should increase,

the effect of [CI] on the rate of iron release from nTfK206/
296A was evaluated. The rate of iron release from the
double mutant to 0.5 mM pyrophosphate was measured at
pH 5.0 and NaCl concentrations ranging from 0.1 to 0.6 M

but since the interactions of both lysines with the surrounding (Figure 6). It was found that release rates decreased with

m pocket are similar, the Has of the lysines should be

increasing NaCl concentrations. These data mirror the
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100 nM in 100 mM MES (pH 5.0) and 100 mM NaCl. The data
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dent measurements nTfK206A/296A (B), nTfK206A (J), and
nTfK296A (H).
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Ficure 6: Iron release from nTfK206/296A is affected by NaCl
concentrations. The rates of iron release to pyrophosphate from
nTfK206/296A at pH 5.0 were measured at NaCl concentrations
ranging from 25 mM to 0.6 M. The samples contained 100 nM
protein in 100 mM MES (pH 5.0) and 0.5 mM pyrophosphate.

inhibitory effect of CI on the rate of iron release from nTf
as reported by Zak et all1g) and suggest that lysines 206
and 296 are not involved in the proposed secondary N-
terminal anion binding site.

In conclusion, we have shown that large amounts of nTf
and nTf mutants can be expressedPFithia pastorisand
that the recombinant proteins can be quickly and easily
purified by affinity chromatography when the nTf proteins
are fused to a C-terminal histidine tag. Characterization of
the mutant proteins produced in this study provided experi-
mental support for the hypothesis that lysines 206 and 296
form the trigger for pH-dependent iron release from nTf and
also provided evidence that lysines 206 and 296 are not part
of nTf binding sites for pyrophosphate or chloride.
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