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Abstract

Background: The measurement of plasma concentrations of retinol binding protein is a
component of nutritional assessment in neonatal intensive care. However, serial testing in
newborns is hampered by the limited amount of blood that can be sampled. Limitations are most
severe with preterm infants, for whom close monitoring may be most important.

Methods: We developed an assay to quantify retinol binding protein using trypsin digestion and
liquid chromatography-tandem mass spectrometry, which requires a serum or plasma volume of
5 microliters. Additionally, we validated the method according to current recommendations and
performed comparison with a standard nephelometry platform in clinical use.

Results: The assay demonstrated linearity from below 1 mg/dL (0.48 uM) to more than 20
mg/dL (9.7 pM), and an imprecision of 11.8% at 0.43 mg/dL (0.21 pM). The distribution of results
observed with the new method was different when compared with nephelometry.

Conclusion: Liquid chromatography-tandem mass spectrometry facilitated testing a smaller
sample volume, thereby increasing the ability to monitor key nutritional markers in premature
infants. The differences in results compared with a commercially-available nephelometric assay
revealed questionable results for lower concentrations by immunoassay.
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1. INTRODUCTION

Nutritional status is a major determinant of long-term outcomes for neonates under intensive
care [1]. Status is evaluated by combining anthropometry (assessments of body weight,
length, and other indices) with laboratory testing, the latter for insight into the particular
status of electrolytes, proteins, vitamins, and other components. Serial testing, however, is
hampered by the volume of blood required for testing [2], particularly in preterm infants

for whom close monitoring may be critical. Even assays traditionally considered “sensitive”
(e.g., immunological, chromatographic) may require several hundred microliters or more

of serum or plasma per analysis. Due to the potential harm of repeated surveillance blood
collections, efforts are needed to reduce sample volume requirements.

Fortunately, liquid chromatography-tandem mass spectrometry (LC-MS/MS) is becoming
more and more sensitive, which has enabled the interrogation of analytes from small fluid
volumes in clinical laboratories [3-4]. Transitioning from conventional approaches may
also provide other advantages, such as improved specificity [5] and shorter run times [6].
As aresult, the application of LC-MS/MS is now routine for endocrinology, toxicology,
therapeutic drug monitoring, among others [7]. Protein quantification by LC-MS/MS,
however, is still considered an area for specialized laboratories, perhaps due to perceived
challenges in sample preparation and peptide analysis. A more complete repository in the
literature of the standard operating procedures that are currently in use may help other
institutions take advantage of these technical innovations.

Here we present an LC-MS/MS method for quantitative measurement of plasma retinol
binding protein (RBP), a marker of vitamin A sufficiency [8]. RBP is responsible for the
transport of vitamin A (primarily as retinol) to tissues [9]. The RBP-vitamin A complex
circulates bound to transthyretin (TTR), which prevents its glomerular filtration. In addition
to preventing its excretion, vitamin A also stimulates RBP secretion from the liver [10].
Because RBP contains a single vitamin A binding site, under “normal” circumstances
circulating RBP and vitamin A ratios approach a 1:1 ratio [11,12]. However, in cases of
vitamin A deficiency the molar ratio of vitamin A to its binding protein can decrease,
potentially indicating a need for vitamin A supplementation (suggested threshold < 0.6 in
the neonatal intensive care unit). Although it is a negative acute phase reactant, RBP is also
a marker of hepatic synthetic function with a half-life 12 hours [13]. Conventional assays
for RBP, as with those for direct measurement of vitamin A (e.g., HPLC), require several
hundred microliters of sample volume per test, posing a challenge for users in neonatal
intensive care. Our goal was to develop an assay using a minute sample volume and compare
results with an existing nephelometry platform.
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2. MATERIALS AND METHODS
2.1. Reagents

A complete list of chemicals and reagents used for sample preparation and LC-MS/MS
are provided in the Standard Operating Procedure (see Supplementary Material). Purified
RBP was purchased from Bio-Rad Laboratories (Hercules, CA). Concentration was
determined by amino acid analysis performed at UC Davis (Molecular Structure Facility).
Custom unlabeled and stable isotope-labeled RBP-specific tryptic peptides with sequences
FSGTWYAMAK, YWGVASFLQK, and LIVHNGYC[+57]DGR were purchased from
EZBiolab (Carmel, IN) and New England Peptide (Gardner, MA).

2.2. Peptide Selection and MS Acquisition Setup

Peptides for the quantification of RBP were chosen based on established principles [14-15].
In addition to factors such as peptide length, non-ideal amino acids, good precision and
stability, selection criteria also included sequence alignment (via BLAST search) proteotypic
to human but not with proteomes contained in diluent sera (e.g., chicken and/or salmon).
The RBP amino acid sequence in FASTA format (UniProtKB database, entry P02753)

was analyzed in Skyline-daily (v3.1.1.8980, University of Washington) [16]. Predicted

RBP tryptic peptide precursor ion isolation lists and collision energies were generated for

a Q Exactive™ Plus Hybrid Quadrupole-Orbitrap™ Mass Spectrometer (Thermo Fisher)
running Xcalibur™ Software. Purified recombinant RBP was digested with trypsin for 1

h (n= 3 replicates) and analyzed using nanoflow LC parallel reaction monitoring mass
spectrometry to generate a spectral library in Panorama [17]. This was imported into
Skyline-daily for peptide evaluation [14]. Observed peptides in tryptically digested male
and female human sera measured in triplicate that met acceptability criteria of <5 ppm

mass accuracy and dotp value for ion ratios >0.9 of spectral library peptide fragment ion
intensities from purified recombinant RBP were further evaluated for preliminary peptide
stability by re-analyzing these samples after 48 hours at 7 °C.

Optimal transitions and voltage settings for selected reaction monitoring (SRM)

determined by direct infusion of RBP peptides (FSGTWYAMAK, YWGVASFLQK, and
LIVHNGYC[+57]DGR) on a Waters Xevo TQ-S triple quadrupole mass spectrometer
running MassLynx automated MS optimization software. The specificity of the selected
peptides was confirmed within calibration material based on analysis of a double blank
matrix (fish serum, no internal standard), according to CLSI C62-A criteria (i.e., background
peaks absent or < 20% of the peak area for the analyte at the lower limit of measuring
interval or < 5% of the IS area at the expected retention time) [18].

2.3. Calibration, controls, and internal standards

An initial set of five-point external standard calibrators were generated by spiking AAA-
analyzed purified human RBP protein into fish serum at 0.5, 2.3, 5.6, 7, and 10 mg/dL
(0.24,1.1, 2.7, 3.4, and 4.9 umol/L). Molar concentrations are based on estimated molecular
weight of 20618.07 Da (concentration in pmol/L equals concentration in mg/dL divided by
2.061807). Low and high controls consisted of low and high patient serum pools with target
values of 1.0 mg/dL (low, 0.49 pmol/L) and 4.0 mg/dL (high, 1.9 umol/L), also stored as
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40-50 pL aliquots in 500 pL lo-bind snap-cap microcentrifuge tubes at — 20°C for up to 2
years. Calibrator and control aliquots were stored as 40-50 L in 500 pL lo-bind snap-cap
microcentrifuge tubes at — 20°C for up to 2 years. Internal standards (FSGTWYAMAK[3Cg
15N,] and LIVHNGYC(+57)DGR[13Cg 1°N,]) were prepared from 2 mg/mL stock solutions
of primary internal standards for the 3 peptides. A working internal standard mixture was
prepared at 2-3 pM in solvent and additional calibrators were generated in pooled human
serum, as described in the Standard Operating Procedure. New calibrators were assayed
against current calibrators on at least 3 separate days to establish set points.

2.4. Sample preparation

2.5.

Sample preparation is described in detail in the Standard Operating Procedure. In brief,
samples (5 pL) were added to individual wells of a 96-well Deep Well Microplate

and diluted in ammonium bicarbonate containing internal standard and dithiothreitol
(DTT). Diluted samples were denatured with trifluoroethanol (TFE) and alkylated using
iodoacetamide (1AA), then further diluted and subjected to trypsin digestion. Digestion
was quenched using formic acid. A portion of each sample was further diluted into 2%
acetonitrile/0.1% formic acid in water in a new microplate and loaded to the auto-sampler
for analysis.

Liguid Chromatography-Mass Spectrometry.

Chromatography separation was performed on an ACQUITY UPLC system and an HSS
T3 Column (10000C0035, 1.8 pm, 2.1 mm X 50 mm, equipped with a VanGuard Pre-
column: 100A, 1.8 um, 2.1 mm X 5 mm) at 50°C. Solvents consisted of 97.9% Optima
LC-MS grade water/2% DMS0/0.1% formic acid (Mobile Phase A) and 97.9% Optima
LC-MS grade methanol/2%DMSO/0.1% formic acid (Mobile Phase B). Injection volume
was 20 pL. Tandem mass spectrometry was performed on a Xevo TQ-S triple quadrupole
mass spectrometer. LC-MS/MS setup, including transitions for MRM are described in the
Standard Operating Procedure.

2.6. Assay Validation

Assay validation studies are detailed in the Supplementary Material. In brief, the suitability
of commercial fish serum as a surrogate matrix for human serum was verified by analyzing
human and fish sera before and after addition of equal quantities of purified RBP (3

spike levels). The assay was then characterized by identifying the analytical measurement
interval, imprecision, interferences, matrix effects, ion suppression, carryover, sample types,
stability (sample and peptide), method comparison (vs. nephelometry, Siemens ProSpec),
and reference range. For studies involving residual human specimens, the Human Subjects
Division of our institution has determined that the use of leftover, de-identified clinical
samples for method development, method validation, and quality improvement is not
considered human subjects research.

Clin Biochem. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Phipps et al. Page 5

3. RESULTS

3.1. Assay Development

An LC-MS/MS method was deployed using 5 uL of human serum or plasma (30 uL
minimum collection). Transitions for SRM were selected based on /n silico tryptic digestion
of RBP, identifying 11 peptides for inclusion in the isolation list. We excluded 3 of

these 11 peptides based on high-resolution mass spectrometric analysis because the mass
accuracy and/or ion ratios did not meet acceptability criteria. From the remaining 8
peptides, 3 were excluded due to digestion variability and stability. Of 5 left, one was
excluded based on length (i.e., difficult to synthesize) and a second was excluded after
double blank analysis revealed a peptide endogenous to fish serum that interfered with
quantification. The 3 remaining peptides - FSGTWYAMAK (FSG), YWGVASFLQK
(YWG), and LIVHNGYC[+57]DGR (LIV) -- were evaluated in subsequent experiments.
YWG was ultimately excluded based on observed poor recovery in fish serum (data not
shown). Absolute quantification was then determined as an average of the concentrations
determined from FSG and LIV separately. Representative chromatograms for the FSG and
YWG peptides appear in Figure 1.

3.2. Suitability of Fish Serum as a Surrogate Calibration Matrix

Interference was observed in a putative negative control (chicken serum) despite no apparent
overlap in chicken proteins with selected proteotypic peptides based on BLAST searching.
Once further analysis determined that there was no similarity in peptide sequence when
compared with fish RBP, we chose fish serum instead as a surrogate matrix for calibrator
preparation in subsequent experiments. The average of selected proteotypic peptides,
FSGTWYAMAK and LIVHNGYCDGR for RBP, demonstrated measured increments within
+20% between human and fish sera spiked with equal quantities of purified human RBP as
shown in Supplemental Table 1 and Supplementary Figure 1.

3.3. Assay Characteristics

The assay was linear over the tested range (0.6 mg/dL to 20.5 mg /dL, or 0.29 pmol/L to 9.9
pumol/L, as shown in Figure 2 and Supplemental Table 2). Imprecision (%CV) was less than
15% for each sample tested at or below 0.5 mg/dL (0.24 pmol/L, Supplemental Table 3).
Lower limit of quantitation (or lower limit of the measuring interval, LLMI) was thus set to
0.5 mg/dL. Limit of detection (LOD) was 0.08 mg/dL (0.04 pmol/L, Supplemental Table 4).
Imprecision was further investigated in a separate 5x5 repeatability study, consisting of five
replicates on each of five days (n = 25, Supplemental Table 5). When calculating the RBP
result based on the average of both peptides, %CV was <15% at all levels. In interference
testing, protein (up to 12 mg/dL), triglycerides (up to 1000 mg/dL), and bilirubin (up to 20
mg/dL) each introduced bias within £5% (summarized in Supplemental Table 6). However,
hemolysis caused a negative, proportional bias, which was more pronounced for the L1V
peptide than for FSG (further detailed in Supplemental Tables 7 and 8). Mixing studies
demonstrated adequate linearity as shown in Supplemental Table 9 and Supplemental Figure
2. T-infusion showed no appreciable ion suppression (Supplemental Figure 3). Carryover
studies indicated that there was <0.4% between-sample contamination (Supplemental Table
10). Of note, at physiologically-relevant concentrations, carryover using this method would
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be well below the method LLMI. In a tube-type study, sera collected into gold top serum
separator tube and plasma collected into Li-heparin-anticoagulated serum separator tubes
differed by <10% from sera collected with no gel or preservatives (Supplemental Table

11). However, plasma collected into EDTA-anticoagulated tubes exhibited 14 to 21% under-
recovery (Supplemental Table 12). Addition of calcium to the samples appeared to rescue
the effect, but was not validated as a modification of the assay. Sample stability studies
demonstrated bias within +/-20% for most conditions tested (Supplemental Table 13).
Stability testing of peptide digests demonstrated +/-10% bias for most conditions evaluated,
suggesting that the digests are stable for reinjection (Supplemental Table 14). For a set of
200 serum samples from an ambulatory pediatric population (ages 12 months to 16 years),
the 95™ percentile reference interval for the group of was determined to be 1.9-5.3 mg/dL
(0.92 to 2.6 pmol/L) using a non-parametric percentile method (Supplemental Table 15 and
Supplemental Figure 4).

3.4. Comparison with Nephelometry Platform

Complete results from the method comparison (n = 89) appear in Supplemental Table 16.
Two results were predicted to be falsely elevated by immunoassay (likely secondary to
lipemia), which estimated the RBP concentrations of 33.6 and 12.8 mg/dL (16 and 6.2
umol/L) compared to the LCMS estimations of 2.7 and 3.2 mg/dL (1.3 and 1.6 pmol/L),
respectively. The methods correlated with a Pearson R 0.96 when excluding the two extreme
outliers and defaulting values less than 1.2 mg/dL (0.58 umol/L) by nephelometry to 1.0
mg/dL (0.49 umol/L). However, the distributions of results differed overall (as portrayed in
Figure 3A), with the nephelometric assay showing an asymmetric distribution with a sharp
drop off in results at the lower tail. The LC-MS/MS assay showed a more symmetric result
distribution in analysis of the same samples. A Bland-Altman plot is provided in Figure 3B.

DISCUSSION

Despite the growing presence of LC-MS/MS in clinical laboratories, its use for protein
quantification remains limited [7]. This is reflected in the most longstanding guidelines
(CLSI C62-A) for the design, development, and performance verification of LC-MS/MS-
based assays, which are focused primarily on the analysis of small molecules using triple
quadrupole instruments [18,20]. Other applications and instrument configurations will
require different considerations. More specifically, for the measurement of proteins, the
generation and monitoring of peptides introduces additional sources of variability that must
be carefully addressed. Fortunately, as new clinical methods are becoming more common in
the literature, a broader consensus is developing, which will lead to greater harmonization
[21-22]. We have presented a novel LC-MS/MS method for the quantitative measurement of
RBP. Sample preparation was straightforward, not requiring immunoaffinity enrichment to
achieve adequate sensitivity [23-24]. Based on a sample size of only 5 L, the method offers
more appropriate testing for premature infants and neonates.

Development of this assay demonstrated potential pitfalls that could be encountered when
making quantitative measurements using proteotypic peptides. In particular, the selection
of peptides when designing transitions cannot be based on amino acid sequence and
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length alone. Because peptides show unpredictable differences in precision, recovery, and
interference, they must be selected empirically. For example, fish serum was selected

as a diluent for our calibration matrix, but it demonstrated low level interference with

one of candidate proteotypic peptides. Another peptide (L1V) was specifically affected
by hemolysis. Adverse findings may not invalidate the use of a particular peptide, but
these complications must be documented for troubleshooting in the future (particularly
when comparing against other LC-MS/MS-based approaches). Of note, in selecting
peptides for SRM, those containing modifications are often avoided due to concerns for
variability in reduction and alkylation. Here, a peptide (LI1V) was used, which contained
an acetylated cysteine and demonstrated good performance during validation. This suggests
that acetylation of cysteines can be consistent enough for quantitative analyses and thus,
Cys-containing peptides should not necessarily be excluded from selection during SRM
method development a priori.

One of the most important findings in our evaluation of the method was the difference in
distribution of results when we compared the new method to a nephelometric platform.
While the distribution of results by LC-MS/MS was somewhat skewed to the right, the
distribution of results from nephelometry appeared to simply drop off near the low end.
This cannot be explained by the stated limit of quantitation of the assay (1.2 mg/dL, 0.58
pumol/L), since only 3 results were apparent as less than 1.2 mg/dL by nephelometry. It is
unknown what the distribution of RBP results should be for the population tested and we
cannot be certain that the measurements by LC-MS/MS are more accurate on the low end
based only on the data obtained during our validation; however, a more normal distribution
might be expected for a moderately-high abundance vitamin-binding protein [14]. Our
findings by nephelometry are consistent with a paper by Kanakoudi et al. [25], who had
previously reported almost two decades ago on the concentrations of 10 proteins (including
RBP) in term and preterm infants. Based on nephelometry results, these authors noted that
most of the proteins studied did not show a Gaussian-like distribution in infants whereas
this pattern reversed in adults. Notably, however, the concentrations of the proteins studied
increased with age, which may have affected the appearance of the distributions if accuracy
and precision of the assay differed at lower and higher concentrations. This may be a subject
for future investigation as more users bring protein mass spectrometry online in clinical
laboratories.

In addition to the potential errors seen with nephelometry at the low end of the normal
range, other issues with immunoassays may contribute to the irreproducibility of the results
of clinical research [26—27] and must be considered when assessing whether the methods we
employ accurately reflect biology. For example, unanticipated effects of antibody specificity
led to a severely flawed explanation for observed differences in plasma concentrations of
25-hydroxyvitamin D between races [28-29]. Mass spectrometry has helped provide clarity
in this and other cases [30-31]. This may be due in part to the necessary emphasis on the
careful definition of the measurand when deploying LC-MS/MS-based assays. For instance,
the application of LC-MS/MS to hemoglobin Alc (HbAlc) measurement ultimately gave
rise to accuracy-based HbA1c testing, focusing on a specific, unambiguous definition for
the analyte. This was not previously achievable on other analyzers given the underlying
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heterogeneity contained within the Alc peak observed in ion-exchange chromatography
[32].

With respect to irreproducibility of results in clinical studies, RBP is no stranger to
controversy that may be method driven [33]. In addition to being a nutritional biomarker,
RBP has been proposed as a causative factor in insulin resistance and type 2 diabetes
mellitus [34-35]. Specifically, circulating RBP has been proposed to selectively reduce
GLUT4 glucose transport in adipose tissue, which appears to underlie peripheral insulin
resistance. However, studies have variably supported [36—37] and refuted [38—40] the
relationship between RBP and insulin resistance in humans, and overall the precise
relationship remains unclear [41]. Importantly, the methods have relied on antibody-based
technologies. Whether differences in the applied methods can explain the different findings
remains to be seen and the introduction of LC-MS/MS-based approaches may help.

5. CONCLUSION

This new method reduces the sample volume need for laboratory-based nutritional
assessment in premature and young infants, which was made possible through the
application of LC-MS/MS. This study can be used as a model for clinical laboratories
interested in developing protein LC-MS/MS assays and may provide a technique by which
the relationship between RBP and insulin resistance could be further explored.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Representative Chromatograms.
(A) Chromatograms normalized to 100% intensity are shown for the LIV peptide (+3

charge state) for two samples, including a single patient sample (1.2 mg/dL, 0.58 umol/L),
and a population pool (4.6 mg/dL, 2.2 umol/L) comprising thousands of human sera. (B)
Chromatograms are shown for the FSG peptide (+2 charge state). Each inset contains the
chromatogram for the corresponding internal standard.
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Figure 2. Linear Range.
The analytical measurement interval was assessed using two overlapping mixing studies, a

high range set (circles) and a low range set (diamonds). Concentrations in mg/dL can be
estimated in pmol/L by dividing by 2.061807.
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(A) Result distributions are shown comparing results less than 8.0 mg/dL (3.9 umol/L)
across the nephelometry and LC-MS/MS platforms (bin width 0.6 mg/dL, or 0.29 pumol/L).
(B) Bland-Altman analysis is shown, comparing the LC-MS/MS method relative to
nephelometry (calculation: (100*(LC-MS/MS - Nephelometry)/average) vs. average.). The
left plot includes the two high outliers on the immunoassay platform and both plots contain
the 3 nephelometry results reported as <1.2 mg/dL (< 0.58 umol/L, open circles), defaulted
to 1.0 mg/dL to allow plotting. Concentrations in mg/dL can be estimated in umol/L by

dividing by 2.061807.
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