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ABSTRACT. The histidine-rich protein Il (HRP 1l) fromPlasmodium falciparunms an unusual protein
composed of 40% alanine, 36% histidine, and 11% aspartate residues. Expression of HEfetierichia

coli results in the isolation of a heterogeneous protein. Mass spectrometry reveals a reduction in mass by
multiples of 9 Da from the expected molecular mass that can be attributed to the substitution of glutamine
for some histidine residues in the sequence. The extent of the glutamine for histidine substitution can be
reduced by slowing the expression rate. Mass spectral analysis of HRP Il also rexeaf@do methylation

of the N-terminal alanine residue of HRP II.

Malaria continues to have a major impact on humans, HRP Il is an unusual protein with a highly repetitive
infecting 300-500 million people and resulting in over 1  primary sequence. The 30 kDa, 277 amino acid protein is
million deaths every yeatl}. Unfortunately, because of the composed of 40% alanyl, 36% histidyl, and 11% aspartyl
spread of resistance to the common antimalarial chloroquine,residues contained within the repeats His-His-Ala-His-His-
these numbers are increasim®y. (Antimalarial resistance has ~ Ala-Ala-Asp-Ala and His-His-Ala-Ala-Asp-Ala throughout
forced the search for new drug targets witRilasmodium  the sequence with minor variations in those repes@si(1).
the protozoan parasite responsible for malaria infections. Expression of HRP Il inEscherichia colitypically yields
During the erythrocytic stage of infection, the parasite 10—20 mg of purified protein/L of culture. The purified
degrades massive amounts of hemoglobin as a nutrient sourcBOtéin appears to be homogeneous by SPBGE and
(3, 4) and as a result is exposed to high concentrations of €verséd-phase HPLC. However, we show here that mass
toxic, free heme ). Consequently, heme metabolism has spectral analysis reveals extensive heterogeneity. Further-

been targeted as a strategy to effect selective parasite kiIIing.more’ mg:_ss Sﬁeﬁgﬂ Tltud|est)§hoc\j/v ﬂ.lﬁt the unusual grrr]dlno acid
The histidine-rich protein Il (HRP If)from Plasmodium  compostiono combined with Overexpressiortin

. . ; . coli leads to sporadic substitution of glutamine for histidine
falciparum the most virulenPlasmodiunspecies, has been . h h Iso found th . h
reported to bind between 15 and 18 heme molecules per'nt € sequence. We. ave aiso foun t ('aproteln' o ave an

. S unexpected methylation site at the N-terminal alanine residue,
protein @, 7, 24). It has also been shown to initiate in vitro

: . . ) adding to a small number of proteins, both endogenous and
formation of hemozoin, a nontoxic, crystalline form of heme

. -~ recombinant, that have been found to be targets for N-
(6). Bgcaqse of Fhe toxic effegts of free hemg, hemozoin methylation byE. coli methyltransferases.
formation is crucial to the survival of the parasi& 9).

MATERIALS AND METHODS

T This work was supported by the Burroughs-Wellcome Fund, New : : : :
Initiatives in Malaria Research. Materials. The perfectly blunt cloning kit and ak. coli

* To whom correspondence should be addressed at the DepartmentCell lines were from Novagen. The rapid ligation kit was
of Chemistry, University of California, Berkeley, 211 Lewis Hall, from Roche. IPTG was purchased from Promega. Restriction

Berkeley, CA 94720-1460. Phone: (510) 643-9325. Fax: (510) 643- i ;
9388, E-mail: marletta@berkeley.edu, enzymes were from New England Biolabs. Sequencing grade

* Department of Chemistry, UCB. chymotrypsin was from R_oche. Disposabl_e.Sep-Pak C-18
S Department of Molecular and Cell Biology, UCB. cartridges and C-18 ZipTips were from Millipore. Precast
”D"[')?\\/’;’Sg:] l;?%missi?aeldé?glsé?esrtmg:;e’LUB?\I?_' Novex 10-20% Tris—glycine gels were from Invitrogen.

1 Abbreviations: HRP Il, histidine-rich pfotein Il; SBPAGE, FMOC amino acids were from NovaBiochem. All other

sodium dodecy! sulfatepolyacrylamide gel electrophoresis; HPLC, chemicals were purchased from Sigma-Aldrich.

high-pressure liquid chromatography; IPTG, isoprofyd-thiogalac- : :
topyranoside; FMOQN-o-(9-fluorenylmethyloxycarbonyl); MS, mass General MethodsThe biuret assay was used according

spectrometry; MS/MS, tandem mass spectrometry; ESI, electrospray!o the method of Gornall et al1p) for the quantitation of

io?iZﬁtign; FTIEFIQ), Fourier transfohrm ion I(f:yclotrondresona\nge; HEPES, HRP Il and HRP 11(C274S). MS data for HRP 1l, HRP
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; TFA, trifluoroacetic ; ;

acid; MALDI, matrix-assisted laser desorption/ionization; CID, colli- (C2745), .and the ChymOtryptIC. digest _fragments were
sion-induced dissociation; Glx, glutamine or glutamic acid; Asx, collected with an ESI Bruker Esquire 3000 ion trap. FTICR-

asparagine or aspartic acid. MS data for the chymotryptic digest fragments were collected
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on a 9.4 T ESI Bruker Apex Il instrument. MS/MS data

were acquired on an AB4700 tandem TOF instrument.
Construction of the HRP 1I(C274S) Expression Vecitie

HRP 1l construct in pET3d&) was a gift from Dr. Daniel

Schneider et al.

Purification 2: Digested samples were loaded onto a
Pharmacia Biotech HiLoad 16/60 Superdex 75 prep grade
prepacked gel filtration column with a 100 mM HEPES, 200
mM NacCl, pH 7.0, running buffer. The digested fragments

Goldberg (Washington University). The protein sequence were eluted from the column with an isocratic flow of
matches the NCBI database entry U69551, except for therunning buffer over 140 mL at 1 mL/min using a Bio-Rad

deleted hydrophobic leader residuésdnd two amino acid

Biologic HR Workstation chromatography system. Eluted

differences, a His at position 202 (reported as Arg) and an fragments were detected by absorbance at 280 nm and
Arg at position 263 (reported as His, numbering according collected in 1 mL fractions. Each fraction was run on a-10
to NCBI database entry). The HRP [[(C274S) construct was 20% SDS-PAGE gel to determine the purity of the
made by PCR using a sense primer which included the fragments. The most pure fractions containing each fragment

existing Ncd site and ATG start codon (BAAGAAG-
GAGATATACCATGGCAAAAA-3"). The mutagenic anti-
sense primer deleted the second existMgd site and
introduced a uniqueBanHI site along with the single
underlined base change for the C274S mutatidnGG-
GATCCTTAATGGCGTAGGCTATGTG-3. PCR of
pET3d-HRP Il yielded an 837-bp product, which was
inserted into pETBIlue-1 blunt vector using the perfectly blunt
cloning kit and transformed into NovaBlue competent cells.
A pETBIlue-1 plasmid containing the HRP 11(C274S) gene
was digested withNcd and BanHI and ligated into a
similarly digested pET21d vector with a rapid ligation kit
to make pET21d-SerHRP Il. The plasmid DNA was se-
guenced by the UC Berkeley DNA sequencing facility to
verify the presence of the mutation.

Construction of the pET21d-HRP Il Expression Vector.

were pooled together.

Mass Spectral Analysis of HRP II, HRP 1I(C274S), and
Chymotrypsin Digest Fragmentslass spectral analyses of
HRP 1I, HRP 11(C274S), and the chymotrypsin digest
fragments were performed on a Bruker-Agilent Esquire
quadrupole ion trap mass spectrometer with electrospray
ionization. Analysis was performed off-line by flow injection
analysis at lulL/min. An ultrafast microprotein analyzer
HPLC (Michrom BioResources, Inc.) was used to elute a
20 ug sample of the full-length proteins from a Michrom
Reliasil C-18 column (300 A pore, 1 mm 15 c¢m) using a
10—-50% acetonitrile gradient in water with 0.1% TFA over
7 min at 0.75 mL/min. MS data were acquired on the eluent.

FT-ICR analysis was performed off-line on a 4.9 T ESI
Bruker Apex lll instrument with electrospray ionization. Data
were acquired (broad-band spectra, 256K data points,

The HRP Il gene was excised from the pET3d vector using external calibration) with Bruker Daltonics XMASS software.

Xba andBarHI. This fragment was ligated into a similarly

Quantitatve Amino Acid Analysis of the HRP 1l Chymo-

treated pET21d vector using a rapid ligation kit. The plasmid trypsin Digest FragmentdRP Il expressed in BL21(DE3)
DNA was sequenced by the UC Berkeley DNA sequencing cells with 1 mM IPTG induction and HRP Il expressed in

facility.
Expression and Purification of HRP Il and HRP 11(C274S).

BL21(DE3) pLysS cells with 5«M IPTG induction were
digested fo 5 h with chymotrypsin, as described above. The

Recombinant HRP Il was expressed using the appropriatesmall fragments from each digestion were separated from

plasmid [pET3d-HRP Il §) or pET21d-HRP 1l for wild-
type HRP Il and pET21d-SerHRP Il for HRP 1I(C274S)] in
E. coli BL21(DE3) or BL21(DE3) pLysS competent cells

the rest of the digest products using size exclusion chroma-
tography (purification 2). The concentration of the purified
fragments was estimated by absorbance of the single tyrosine

as noted in Results. Expression with BL21(DE3) competent at 274 nm. Quantitative amino acid analysis was carried out

cells was achieved either without induction or by induction
with addition of up to 1 mM IPTG, as specified in Results,
at a cell ORQgo of 0.6—0.8. Expression in BL21(DE3) pLysS
competent cells was induced by addition of® IPTG at

a cell ODypo0f 0.6—0.8. All expressed proteins were purified
with a nickel chelating column as previously describéd (
13).

Chymotryptic Digest and Purification of HRP 1l and HRP
11(C274S) Peptide FragmentBurified HRP 11(C274S) at 1
mg/mL was incubated with 2g/mL (0.1% w/w) sequencing
grade chymotrypsin for time periods ranging from 30 min
to 5 h at 25°C in 100 mM HEPES pH 7.0. Two methods
were used to purify the digested fragments. All purified

at the Protein Chemistry Laboratory at Texas A&M Uni-
versity using a Hewlett-Packard AminoQuant Il system. All
analyses were performed in triplicate.

MS/MS Analysis of Chymotrypsin-Digested HRRHIRP
II'at 1 mg/mL was digested with chymotrypsin for 5 h
following the above protocol. Peptides from the digest
solution were adsorbed onto a C-18 ZipTip (Millipore) and
eluted with 4uL of 50% acetonitrile/50% 0.1% aqueous
TFA. A 0.7 uL aliquot of this solution was mixed with an
equal volume of matrix (a 10 g/L solution ef-cyano-4-
hydroxycinnamic acid in 50% acetonitrile/50% 0.1% aqueous
TFA) and allowed to dry on the MALDI target.

Using an Applied Biosystem 4700 MALDI tandem TOF

fragments were loaded onto a Sep-Pak C-18 cartridge, elutednass spectrometer a full scan mass spectrum of the digest
with 70% acetonitrile, and concentrated with a SpeedVac was recorded over the rang®/z 800-3500, then the

concentrator (Savant) prior to MS analysis.

protonated peptide ion atVz 1566.9 was isolated, and a

Purification 1: Digested samples were loaded onto a 2 collision- induced dissociation (CID) spectrum was acquired.
mL Bio-Rad Bio-scale S2 cation-exchange column with 100 Air was used as the collision gas, and the collision energy
mM sodium acetate, pH 4.8, running buffer. The digested was 1.0 keV (laboratory frame).

fragments were eluted from the column with a gradient of

0—1 M CacCk in the running buffer over 40 mL at 2 mL/
min using a Bio-Rad Biologic HR Workstation chromatog-

Synthesis of Methylated N-Terminal Peptid€he syn-
thetic peptidest-Me-AKNAKGLNLNKRLL and A-(e-Me-
K)NAKGLNLNKRLL were prepared using standard FMOC

raphy system. Eluted fragments were detected by absorbanceolid-phase synthesis on an automated synthesizer (ABI 431).

at 280 nm and collected in 1 mL fractions.

The mass and purity of the peptides were assessed by FTICR-
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species with average masses of 3174.6 and 3165.6 Da as
A shown in Figure 2, compared with an expected mass of
3183.3 Da. These lower masses are 9 and 18 Da less than
| the expected average mass.

Analysis of the same small fragment from HRP Il by
FTICR-MS supported the ESI-MS results shown above
where the conclusion was that the sample was heterogeneous.
The monoisotopic masses found for this fragment were
3181.4113, 3172.4048, 3163.4048, 3154.4067, and 3145.4064
Da (Figure 3). The species with the highest mass matched
\ correctly with the expected monoisotopic mass at 3181.3767
il Da. The remaining species are all spaced by an average value

‘ of 9.0012+ 0.0036 Da, giving species ranging and differing
1400 mz by —9.0065 to—36.0050 Da compared to the highest mass
component.

B Altered Expression Conditions for HRP 11(C274S) and
HRP 11. In an effort to decrease the heterogeneity of HRP I
and HRP [I(C274S), we attempted to slow the expression
of HRP 11(C274S) inE. coli BL21(DE3) cells by incremen-
tally decreasing the IPTG concentration. This resulted in very
little change to the overall heterogeneity of the purified
protein, as assessed by mass spectrometry. Consistently, the
extent of protein expression in these cells remained very high,
even in the absence of IPTG.

Expression of HRP 1I(C274S) in BL21(DE3) pLysS
competent cells with 5uM IPTG successfully lowered
WWWMWM | 4 expression levels, resulting in a more homogeneous protein
‘ W/ I m as shown in the mass spectrum in Figure 1B. HRP [I(C274S)
700 800 900 1000 1100 1200 m: expressed in this way had an average mass of 29160.2 Da,
Ficure 1: ESI mass spectrometry results for HRP 11(C274S). Mass compared with an expected average mass of 29277.3 Da.
spectra are shown for the full-length recombinant HRP 1I(C274S) The mass difference is consistent with cleavage of the
expressed in BL21(DE3) wit1 M IPTG induction (A) and the | terminal Met, leaving a-14.1 Da difference between the

full-length HRP 11(C274S) expressed in BL21(DE3) pLysS with 5 .
M IPTG induction (B). Panel A shows a heterogeneous SerHRp €xPected average mass minus Met (29146.1 Da) and the

Il sample with estimated average molecular masses ranging fromaverage mass determined by MS.

approximately 29033 to 29162 Da. Panel B shows a more \ass spectral analysis of the smallest chymotryptic
h?g‘;fgzn%ous SerHRP Il sample with an average molecular mass; ;4 ment after purification by cation-exchange chromatog-
° & raphy also revealed a more homogeneous HRP 11(C274S)
(Figure 4). Approximately 15% of the population, calculated
by peak area, was found to have an average mass of 3174.2
with the remaining population having an average mass of
3183.2 Da, which matches the expected average mass for
that fragment. There was no evidence for a species at 3165.6
RESULTS Da, which was found previously in the more heterogeneous

. samples.

Expression of HRP Il and HRP 1I(C274RAlthough the . . o
SDS-PAGE gel bands were compact and the reversed—phaseacﬁ?e\'/l(gefi‘:’el_'tgS ngén%gfsn)e %g\‘:eH Tff)e I:*%r;'ll?rlyeﬁloetcvzts
HPLC peaks sharp, mass spectra of intact HRP 11(C274S). di d d ’ d dg h
(using pET21d-SerHRP II) expressed in BL21(DE3) com- msedrfce_ Into aﬁggzulc\zlszgr?\;‘ expressel un ler_t efsa;]me
petent cells with 1 mM IPTG induction revealed a highly conditions as ( ). Mass spectral analysis of the

heterogeneous mixture of proteins as can be seen in Figur urified HRP Il revealed a more homogeneous protein,
1A. The mass spectral results for purified recombinant HRP similar to the results for HRP 1I(C274S). The average mass

e . determined for HRP Il was 29180.0 Da, compared to an

Il revealed a similar heterogeneity (data not shown). expected average mass of 29162.1 Da without the N-terminal

Digestion of heterogeneous HRP 11(C274S) with chymo- Met residue (data not shown). Similar to HRP [I(C274S),
trypsin produced three proteolytic fragments as seen bythe measured mass was higher than the expected average
SDS-PAGE, matching the predicted chymotrypsin digestion mass, in this case by 18 Da.
fragments shown in Table 1. Purification of the chymotrypic ~ Mass Spectral Analysis of Digested HRP 11(C274S) and
digest by cation-exchange chromatography separated theHRP Il FragmentsUsing an S75 16/60 gel filtration column,
smallest fragment (a combination of the identica-198 the chymotryptic digest fragments of HRP Il and HRP
and 109-138 fragments; see Table 1) from the other two [1(C274S) expressed in BL21(DE3) pLysS were well re-
expected fragments of larger mass. Mass spectral analysisolved, as shown in Figure 5. Mass spectral analysis of
of the smallest fragment showed the presence of two peptidefragment 139-277 revealed that the four C-terminal residues

Relative Intensity

1200

941.7

912.4

Relative Intensity
811.0
834.0
858.5
884.5
972.9
1006.5
1042.4
1081.1
11225
1167.4

— 12161
1268.8

MS. MS/MS analysis of these peptides was performed
similarly to the chymotrypsin digest fragments, using ap-
proximately 0.5 pmol of the synthetic peptide.
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Table 1: Expected Chymotrypsin Digestion Fragments of HRP Il and HRP [I(C274S)

residues sequence average monoisotopic
mass (Da) mass (Da)

1-78 MAKNAKGLNLNKRLLHETQAHVDDAHHAHHVADAHHAHHAADAHHAHHAADAHHA-  8481.05 8475.96
HHAADAHHAHHAADAHHAHHAAY

2-78 AKNAKGLNLNKRLLHETQAHVDDAHHAHHVADAHHAHHAADAHHAHHAADAHHAH-  8349.86 8344.92
HAADAHHAHHAADAHHAHHAAY

79-108 AHHAHHAADAHHAHHASDAHHAADAHHAAY 3183.25 3181.38

109-133 AHHAHHAADAHHAHHASDAHHAADAHHAAY 3183.25 3181.38

139-277 AHHAHHAADAHHAADAHHATDAHHAHHAADAHHATDAHHAADAHHATDAHHAADA- 14499.83 (C) 14491.83 (C)
HHAADAHHATDAHHAADAHHATDAHHAADAHHAADAHRATDAHHAHHAADAHHAA- 14483.77(S) 1447532 (S)
AHHATDAHHATDAHHAAAHHEAATH(C/S)LRH

1-277 Full Sequence 29293.34 (C) 29275.98 (C)
29277.28 (S)  29260.00 (S)
2-277 Full Sequence minus Met 29162.14 (C) 29144.94 (C)

29146.08 (S) 29128.96 (S)

a2 The expected digestion fragments for HRP Il and HRP 1I(C274S) are shown along with the expected mass for each fragment based on the
DNA sequence. Sequences for fragments-708 and 109-138 are identical, resulting in only three different fragments from a chymotrypsin
digest. Masses for fragment 13977 are shown for both the wild type and C274S mutant, as indicated by the residue in parentheses.
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< 634.2 2 B
@ [396.7 N 794.4 3
4
y A ‘ ‘
400 500 600 700 800 900 1000 1100 mvz — Im-lmmlg , l;l UL UL UL
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-‘E FiGUrRe 3: FTICR-MS results for a chymotrypsin digest fragment
H 5285 534.2 7023 of HRP Il. The results reveal the presence of five species,
i sequentially differing from each other by an average of 9.0812
g 0.0036 Da. The masses determined were (A) 3145.4064, (B)

SE T S 3154.4067, (C) 3163.4048, (D) 3172.4048, and (E) 3181.4113.
FIGURE 2: ESI mass spectrometry results for a chymotrypsin digest 1hese species indicate up to five His to GIn substitutions. A small
fragment of HRP 11(C274S). Panel A shows the full spectrum for POpulation centered aroumdz 628.5 may represent a species with
the small digest fragment. Two species are readily apparent, SiX His to GIn substitutions.
corresponding to average masses of 3174.6 and 3165.6 Da. Panels

B—E show specifiawz peaks. The relative peak size for tinéz cleavage between residues 8 and 9 further localizes the
values corresponding to the two major species can be readily additional mass to residues 2 through 8.
compared. FTICR-MS analysis ba 1 h digest product containing

were cleaved, resulting in the average masses of 13991.68he same 278 fragment gave a monoisotopic mass of
and 13990.9 Da for HRP 11(C274S) and HRP I, respectively. 8359.0554 Da, which is 14.1386 Da larger than the expected
These results showed no difference from the expectedmonoisotopic mass of 8344.9168 (data not shown). This
masses. difference closely matches the expected monoisotopic mass
Mass spectral analysis results for the purified-73 change of 14.0151 Da for the substitution of hydrogehi)
fragment were dependent upon the digestion time. Digestionwith a methyl (-CHs;) group.
times greater thal h gave an average mass of 7667.0 Da, Quantitatve Amino Acid Analysis of Chymotryptic Digests.
indicating cleavage between Leu 8 and Asn 9 (expected masQuantitative amino acid analysis results for the 3182 Da
for residues 978 of 7667.7 Da). A shorter, half-hour fragments of HRP Il expressed in BL21(DE3) cells with 1
digestion time resulted in the expected 28 fragment. ESI- mM IPTG (fragment A) and HRP Il expressed in BL21(DE3)
MS results found the fragment to have an average mass ofpLysS with 5uM IPTG (fragment B) are shown in Figure
8364.3 Da (Figure 6), compared to the expected average mas3. Both HRP Il fragments A and B contained the expected
of 8349.9 Da. The difference shows an additional 14.4 Da number of Asx [3.08: 0.25 (fragment A) and 2.6Z 0.02
present on the 278 fragment. In addition, the unexpected (fragment B) versus 3 (expected)], Ala [13.650.06 (A)
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FIGURE 6: ESI-MS spectrum of the N-terminal digest fragment of
HRP 11(C274S). The digest was carried out for 0.5 h. Indicated
m/z values correspond to an average mass of 8364.30 Da, 14.44
Da higher than the average mass predicted from the amino acid
255 mz 530 mz 635  mz 795 mz 7060 m/2 sequence.

Ficure 4: ESI mass spectrometry results for a more homogeneous

small chymotrypsin digest fragment of HRP [1(C274S). Panel A mﬁﬁ?

400 500 600 700 800 900 1000 miz

637.7 D 796.8 E 1062.2 F

Relative Intensity

635.8 7006 1058.8

shows the full spectrum for the small digest fragment. Two species ﬁﬂ G
are readily apparent, corresponding to average masses of 3183.;  Asx ! ]
and 3174.2 Da. The peaks indicated by asterisks correspani to SER EH
values corresponding to peptide plus potassium (3222 Da). Panels 9 1
B—F show specifian/z peaks for comparison of the relative peak 3 AL S i
sizes. & S B
Q % 1
0.025 @ B I = ]
3 GLY [+ u
PRO -——. |
E 0'02 i THR B A 1 1 1 n 1 1 1 |
; 0 1 2 3 e 10 1 12 13 14
D Occurance
N 0015 . o . . .
° FIGURE 7: Comparison of quantitative amino acid analysis results
e for the small chymotrypsin digest fragments. QAA results for the
S o001 small chymotrypsin digest fragment from heterogeneously expressed
£ HRP 1I(C274S) (fragment A in text) (light gray) and the more
2 homogeneously expressed HRP 11(C274S) (fragment B in text)
g 0.005 (dark gray) are shown with the expected composition (black).
small peptide fragments. One of these fragments was then
0 " " N " analyzed by tandem mass spectrometry. A parent{M]*
0 20 40 60 8o 100 120 ion atm/z 1566.9 potentially corresponded to a methylated

Volume (mL) N-terminal sequence of HRP Il (residues 25 with +14
FiGURe 5: Separation of HRP 1I(C274S) chymotrypsin digest Da). MS/MS of this ion generated the daughter ions shown
fragments by size exclusion chromatography. Peak 1 correspondsin Figures 8 and 9B. The fragmentation pattern confirmed
to the fragment containing residues 13577, peak 2 corresponds  the sequence to be that of residuesl® of HRP Il. A

to residues 278, and peak 3 corresponds to the identical fragments ;
containing residues 79108 and 109-138. Fragment 139277 daughter ion avz 58 corresponded to a methylated Ala (a

contains no chromophore (as shown in Table 1), resulting in the fragment ion, Fig_ures 8 and gB)-_ _ o
very small size of peak 1. The relative sizes of peak 2 and peak 3 MS/MS Analysis of the Synthetic PeptidEse identities

relate to the fact that peak 3 contains two identical digest fragments. of peptides N-Me-AKNAKGLNLNKRL (MeA-peptide) and

A-e-Me-KNAKGLNLNKRL (MeK-peptide) were confirmed
o 19,4007 8 et 19, 10 T 038007 () by e speca) anssis. The WSS f b of e
residues did not match the expected values. Fragment Apeptides are shown in Figure 9A). MeK-peptide and MeA-
contained 9.31 0.64 His and 0.96- 0.07 Glx whereas peptide show similar fragmgntatlon patterns as expgcted.
fragment B contained 11.5& 0.30 His and 0.22+ 0.01 However, only the _MeA pept|d.e produces aldaughter lon at
GlIx. The expected values were 12 His and 0 GIx (see ¥z 58.07, supporting the assignment of thi&z to a Me-

sequence in Table 1). These results show a larger thar(a‘Ia immonium 1on.
predicted presence of Glx in fragment A than in fragment B DISCUSSION
and a lower than predicted presence of His.
MS/MS Analysis of the HRP Il N-TermindRP Il that Expression of HRP Il and HRP [I(C274SAs shown
had been expressed more slowly to minimize heterogeneityabove, the mass spectral analysis of HRP 1l and HRP
was digested with chymotrypsinif® h in order to produce  11(C274S) showed that the expressed protein was extremely
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FiGUrRe 8: MS/MS results for the 1566.9 Da fragment from the chymotrypsin digest of HRP 11(C274S). The fragmentation pattern for the
1566.9 Da fragment from HRP 1I(C274S) afte 5 h chymotrypsin digest is shown with many of th@z values indicated above the
corresponding peaks. Below the mass spectrum is the sequence corresponding to the 1566.9 Da peptide. A few of the fragments corresponding
to m/z values found in the mass spectrum are indicated above the peptide with bent arrows starting at the fragmentation site and pointing
to the correct terminus. The correspondimi value is indicated above the arrow. For tRenethylalanine peptide, Xis —CHz and X%

is —H. For the methyllysine peptide, Xs —H and X is —CHjs. As noted in the text, only one fragment indicated 58.06) has a
dependence on which X corresponds to th@&Hs.

heterogeneous (Figure 1). Initial studies to determine the To differentiate between substitution by Gin or Lys, FT-
cause of the heterogeneity were performed with HRP ICR studies were performed on the small digest fragment
1I(C274S) because previous studies indicated the potential(residues 79108/109-138) (Figure 3). Five masses were
for the formation of disulfide-linked dimers in wild-type HRP  found for the peptide, one matching the expected exact mass,
II, which could potentially complicate interpretation of the with the other four sequentially differing by an average of
resulting dataZ4). To probe the nature of the heterogeneity, 9.0012+ 0.0036 Da. The mass change matches that expected
HRP 11(C274S) was digested into four smaller fragments with for a His to GIn substitution. The expected difference in exact
chymotrypsin, two of which are exactly the same, resulting mass between His and GIn is 9.000 Da, whereas the expected
in three distinct peptides (Table 1). The resulting smaller difference between His and Lys is 8.964 Da, lower than what
peptides simplified the search for the cause of the hetero-was determined for these peptides, indicating that the mass
geneity. After purification by cation-exchange chromatog- change is due to Gin, not Lys, substitution for His.
raphy, MS analysis of the smallest chymotryptic fragment  Quantitative amino acid analysis (QAA) was used to
(a mixture of the identical peptides formed from residues further confirm the substitution of glutamine for histidine.
79—-108 and 109-138; see Table 1) from HRP II(C274S) The small chymotryptic fragments (residues—a®98 and
revealed heterogeneity similar to that found in the full-length 109-138) were analyzed because of the high histidine
protein. As seen in Figure 2, discrete populations corre- content (40%, 12/30 residues) and lack of any glutamine or
sponding to masses of 3174.68.7 Da from the expected glutamate residues. The content of alanine, aspartate, serine,
mass) and 3165.6 Da-(L7.7 Da) were found in the sample. and tyrosine determined for the small peptide from hetero-
A change in mass of-9 Da could correspond to a geneous HRP Il was very close to the expected values, with
substitution of glutamine or lysine for histidine in the some minor, unexpected amounts of proline, glycine, and
sequence. Given the histidine-rich nature of HRP I, a random threonine (0.5 or less per fragment) (Figure 7). The peptide
number of these substitutions for His throughout the protein was also found to contain 0.98 0.04 Glx compared to an
would result in a heterogeneous mixture with masses varyingexpected GIx content of zero. Correspondingly, the peptide
by 9 Da, similar to that found for the small digest fragment. contained 9.31t 0.64 His compared to 12 expected His
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Ficure 9: Comparison of the MS/MS between the synthetic methylated peptides and the HRP 1I(C274S) digest peptide. The fragmentation
patterns for the synthetic Me-Lys peptide (A) and the synthetic Me-Ala peptide (C) are compared directly with the small HRP 11(C274S)
peptide resulting frm a 5 hchymotrypsin digest. Thevz 58 corresponding to a fragment Nfmethylalanine is present only in spectra B

and C, whereas thevz 98 corresponding to a fragment of methyllysine is only present in spectrum A.

residues. The finding of~1 GlIx per peptide by QAA The extent of the amino acid substitution in recombinant
compares favorably with the ESI-MS results suggesting an HRP 1l expressed irE. coli appears to be very high. The
average of approximately 1.3 His to GIn substitutions per small digest fragment (30 amino acids) described above
peptide. The substitution of GIn for His should have resulted contains 12 histidine residues (see Table 1), of which
in a GIx content value equal to the difference between the approximately 1.3 were found by ESI-MS to be substituted
expected and determined values for His content. Although with glutamine. Overall, this equates t€0.11 glutamine
these values were not found to be equal (1 GIx versus 2.7misincorporations per histidine residue in the population of
His), the detection of a decrease in His residues along with this small fragment. If this frequency is taken as an indication
the subsequent appearance of GIx supports the hypothesisf the average misincorporation frequency throughout the
that the heterogeneity is a result of the substitution of some full-length HRP I, then approximately 10 histidine residues
histidine residues with glutamine residues. (of the 99 total) per HRP Il would have been substituted
Because of the repetitiveness of the sequence, a substituWith glutamine. These values are about half of the estimation
tion of GIn for His could arise through mutation to the Made by Parker et al. for histidine to glutamine substitution

plasmid. However, a mutation was not found after subsequentUnder induced histidine starvation condition (0.23 per his-
plasmid sequencing. Others have reported amino acid mis-tidine residue) 18). However, our findings are much higher
incorporation during translation, including histidine to than the histidine to glutamine substitution frequencies
glutamine (4—16). These substitutions have been mainly reported by Luetal. ift. coliexpressed recombinant human
attributed to translational errors stemming from the incorrect granulocyte colony stimulating factor (thG-CSF) under
binding of charged tRNAX7). The substitution of glutamine ~ normal growth conditions, which they report to be in line
for histidine has been hypothesized to occur because theWith the translational errors of 2 107 to 2 x 10* found
codons differ only at the wobble position (CAC and CAU in normally growingE. coli (19). The failure of this rhG-

for His versus CAG and CAA for GIn), allowing charged CSF to overwhelm the translational machinery and increase
tRNACM to bind at His codons under certain conditions. the error frequency is not surprising, considering the more
Studies showing an increase in the misincorporation of typical amino acid composition when compared to HRP I1.
glutamine at histidine codons under tRNA starvation However, the fact that the substitutions of glutamine for
conditions lend support to this hypothesiss, 18). The histidine are found under normal growth conditions indicates
opposite, misincorporation of histidine at glutamine codons the possibility of tRNA" substituting for tRNA®.

under tRNA" starvation conditions, has also been reported  Altering Expression Conditions for HRP IF. the misin-
(17). Because the initial conditions used to express HRP Il corporation of glutamine for histidine is the direct result of
in E. coli produce large quantities of HRP I, it is likely that tRNAMS starvation during HRP Il overexpression, then
tRNAMs starvation occurs during HRP |l overexpression, slowing HRP Il expression should prevent, or at least reduce,
creating a strain on the cellular tRNfAlevels and allowing the occurrence of the error. Initial trials at slowing HRP
for the incorrect binding of tRNA" at His codons. [I(C274S) expression were attempted with concentrations as
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low as 5uM IPTG, resulting in similarly heterogeneous decrease in the frequency of substitution does, however, lend
samples. Complete exclusion of IPTG still resulted in high support to the hypothesis that the high expression levels of
levels of HRP Il expression with the same heterogeneity in HRP 1l coupled with the unusually high content of His
the purified sample. Examination of the expression levels residues led to amino acid substitutions.
on a qualitative level indicated that the decrease, and even To achieve a more homogeneous HRP Il expression
exclusion, of IPTG in the cell cultures appeared to have similar to that shown above for HRP [I(C274S), the HRP Il
minor effects on the expression level of HRP 1l when gene was transferred from the pET3d vector to a pET21d
expressed from the pET vector in BL21(DE3) cells. vector. Expression in BL21(DE3) pLysS cells under the same
An E. colistrain containing the pLysS plasmid allows for conditions as for HRP [I(C274S) produced a more homo-
greater control of protein expression from the T7 promoter. geneous HRP Il sample found by ESI-MS to have a cleaved
Expression of HRP [I(C274S) from the pET21d-HRP N-terminal Met with an additional 18 Da compared to the
[1(C274S) plasmid in these BL21(DE3)pLysS cells resulted expected average mass, corroborating with the initial sug-
in lowered protein expression levels. UsingeBl IPTG at gestion of a methylated residue on HRP 11(C274S).
induction, the resulting HRP [1(C274S) was much more Identification of the Methylation Sit@urification of the
homogeneous (Figure 1B). After accounting for cleavage of chymotrypsin digest fragments of HRP Il and HRP 11(C274S)
the N-terminal methionine, the mass spectral results indicatedby size exclusion chromatography provided an avenue to
HRP 11(C274S) was 14.1 Da higher than expected. After determine the site of methylation in the protein. As described
resequencing the plasmid DNA to ensure that the predictedabove, the examination of the smallest digestion fragments
amino acid sequence was correct, the additional mass wag79—-108 and 109-138) showed no unexpected mass in-
suggestive of a methylated amino acid. crease (Figure 4). Turning to the two remaining fragments,
Mass spectral analysis of the small chymotryptic fragment ESI-MS revealed that the C-terminal fragments (1297)
from this more homogeneous HRP 11(C274S) was performed had average masses of 13991.6 and 13990.9 Da for HRP
to gauge the extent to which glutamine misincorporation had 11(C274S) and HRP I, respectively, corresponding to the
been successfully inhibited. The results indicated only partial unexpected, although not entirely surprisir2)( cleavage
success, in that approximately 15% of the fragment popula- after His 273, removing the four residues from the C-
tion had one histidine to glutamine substitution with no terminus. These results indicated that the methylation site
indication of any with two substitutions (Figure 4). Further was not within residues 13273 but did not rule out the
analysis of this fragment by QAA was also consistent with chance that one of the four C-terminal residues (CLRH or
incomplete, but still significant, success in preventing SLRH, depending on the protein) contained the additional
glutamine substitutions (Figure 7). As with the heterogeneous mass.
HRP Il peptide, the QAA results for this more homogeneous  Initial mass spectral examination of the N-terminal frag-
peptide showed alanine, aspartate, serine, and tyrosinement afte a 5 h chymotrypsin digest revealed that it was
content to be very close to the expected values. However,unexpectedly cleaved after residue Leu 8. The remaining
unlike the heterogeneous HRP Il peptide the His and GIx fragment, residues-978, showed no additional mass, sug-
content in this peptide was found to be much closer to the gesting that the potentially methylated amino acid was
expected levels. Only 0.22 0.01 GIx was found per peptide, located either on residues—8 or residues 274277.
just slightly higher than the expected 0 GIx. Similarly, the Shortening the digest time to 30 min allowed for the
results for His content were very close to the expected results;purification of the full N-terminal fragment (residues 28).
11.58+ 0.30 His per peptide were found compared to the ESI-MS results of this complete N-terminal peptide revealed
expected 12 His per peptide. As with the heterogeneousan additional 14.4 Da (Figure 6), pinpointing the additional
peptide, these values found by QAA compare very well with mass within residues-28. FTICR-MS of this fragment
values estimated by mass spectrometry. The mass spectratonfirmed the presence of an additional 14 Da matching the
results indicated close to 0.15 GlIx per peptide compared to expected mass change for the substitution of a hydrogen with
0.22 GIx per peptide found by QAA, corresponding to a methyl group.
substitution frequencies of 0.013 and 0.018 per histidine, The addition of 14 Da is suggestive of a methylated amino
respectively. acid. Potential sites within the identified sequence
Although both the mass spectral and QAA results indicate (AKNAKGL) include the amino group of the N-terminal
that histidine to glutamine substitution has not been com- alanine and the-amino groups of the two lysine residues.
pletely prevented, the results do show that the occurrence iSMALDI-MS/MS analysis d a 5 hdigest sample of SerHRP
significantly lower than in the original population, where Il identified a fragment at 1566.9 Da that matched a
nearly 100% of the small digest peptides had at least onemethylated fragment composed of residue4 2. Although
glutamine substitution and approximately 30% had two. The the corresponding daughter ions confirmed the identification
mass spectral results of the homogeneous HRP [1(C274S)of this fragment (Figure 8), they were ambiguous as to the
indicate that one glutamine substitution in 15% of the exact residue that was methylated. All daughter ions that
population equates to a substitution frequency of 0.013 perincluded the N-terminal alanine werel4 Da higher than
histidine in each fragment. From this substitution frequency, predicted. However, all of these fragments also included the
the average full-length HRP 11(C274S) can be expected to Lys at position 3, precluding the assignment of the methyl
have approximately one histidine to glutamine substitution group to the N-terminal alanine. Only the presence of an
per protein under these new expression conditions. Thision peak atm/z 58 indicated the presence of ax-
frequency of substitution is stitt100 times greater than the  methylalanine residue, corresponding toNemethylalanine
frequency found for endogenous cellular proteins, but immonium ion. An ion corresponding to the loss Nf
indicates a 10-fold decrease from our original findings. The methylalanine from the rest of the peptide was not found,
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leaving the possibility that thevz 58 might have arisen from
some other fragmentation of the parent ion. However, the
data show that the methyl group is positioned on either Ala
2 or Lys 3, with the most evidence pointing to Ala 2.

To confirm the site of methylation, synthetic peptides 6
corresponding to residues-8 were prepared with either an
o-Me-Ala or e-Me-Lys, and CID spectra were obtained
(Figure 8). The results show the fragmentation pattern of
the synthetidN-methylalanine peptide to be nearly identical
with the digest fragment from HRP Il (Figure 9). Thez

58 tentatively assigned to &ymethylalanine immonium ion 8.

is present in theN-methylalanine peptide spectrum but is
clearly absent from the methyllysine peptide spectrum.

Furthermoren/z 98 corresponding to a methyllysine im- 9.

monium ion is present in the spectrum of the methyllysine
peptide but not the spectra corresponding toNhmethyl-
alanine peptide or the HRP Il peptide. These synthetic
peptides establish the methylation site as the amino group
of the N-terminal alanine.

Only a few N-methylated proteins have been foundtin
coli, and most of those are ribosomal proteir2d,(22.
Similar to HRP 1, a number of these N-methylated proteins

have a Lys as the third amino acid. Another group has also 12.

identified an N-methylated methionine on a recombinant
version of a malarial antigen expressedEncoli (23). In

this case the methionine is also followed by a basic residue,
arginine. It is likely that recombinant HRP Il has the proper

recognition site for the methyltransferase(s) that identifies
these proteins.

Although the findings described here may not be indicative
of in vivo translation and processing of HRP Il 1.
falciparum it is clear that, although extremely powerful,
expression of recombinant proteins i coli can have
unexpected results. The overexpression of the very repetitive
HRP Il sequence resulted in a high level of translational

errors. Along with these errors, the consistent methylation 17,

of the N-terminal alanine was also unpredicted.
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